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STATEMENT  OF  PROBLEM  STUDIED 


This  contract  concerned  chiral  reactivity  of  AchE,  and  examined  the  topography  of  the  enzyme  subunit 
with  respect  to  a  number  of  independent  kinetic  and  equilibrium  indices  of  ligand  orientation:  bimolecular 
inhibition,  oxime  reactivation,  aging,  and  equilibrium  dissociation  constants.  Organic  synthesis  was  an  integral 
part  of  these  studies  and  we  developed  several  families  of  achiral  and  chiral,  and  fluorescent  artd  non-fluorescent 
organophosphonates  and  reversible  noncovalent  probes.  These  agents  were  employed  in  study  of  AchE  from 
Torpedo,  as  one  means  for  probing  subunit  topography,  as  well  as  in  in  vivo  and  in  vitro  studies  concerning 
cellular  regulation  of  AchE. 

Since  all  studies  are  either  published  or  in  press  and  have  been  described  in  previous  semi-annual 
Progress  Reports,  this  FINAL  REPORT  will  highlight  our  salient  findings  and  will  reference  the  appropriate  papers 
(enclosed).  Copies  of  those  papers  that  have  been  submitted  but  are  currently  under  peer  review  [15,16)  and 
those  that  are  in  press  [12-14)  are  not  yet  available  so  are  not  enclosed. 

SUMMMARY  OF  RESEARCH  FINDINGS 


Fluoresent  probes  of  acetylcholinesterase.  We  have  developed  fluorescent  methylphosphonates  (NBD-amlnoalkyl 
methylphosphonofluorldates)  ♦hat  Irreversibly  modify  the  active  center  serine  (2);  these  agents  found  utility  in  our 
physiological  studies  on  the  ..itral  medulla  oblongata  [1,4).  Also,  since  they  are  environmentally  sensitive,  we 
are  currently  employing  ther.  :  o  advantageous  use  in  our  examination  of  electrostatic  relationships  at  the  surface 
of  acetylcholinesterase  (AchE)  from  Torpedo  and  butyrylcholinesterase  (BuchE)  from  human  plasma  [15).  In  ad¬ 
dition  we  have  developed  reversible  fluorescent  agents,  hexidium  and  decidium,  that  probe  sites  remote  from  the 
active  center  (5,6,8).  The  latter  agents  have  found  utility  in  examining  aging  of  organophosphonyl  conjugates  of 
AchE  and,  in  particular,  in  providing  an  assay  independent  of  enzyme  activity  for  monitoring  aging-unduced  loss 
of  the  alkyl  group  (6, 11). 

Inhibition,  reactivation  and  aoina  of  oraanophosohonvl  conjugates  of  AchE.  Our  studies  concern  inhibition,  reac¬ 
tivation.  and  aging  of  organophosphonyl  conjugates  of  AchE  (5,6, 10, 11).  We  have  found  that  while  aging  of  these 
conjugates  shows  a  strong  dependence  on  ionic  strength  and  pH  of  the  medium,  the  reaction  kinetics  are  not 
consistent  with  participation  of  a  specific  amino  acid  residue  in  this  process.  As  such,  these  studies  indicated  that 
the  bulk  properties  of  the  enzyme  active  center,  rather  than  a  defined  amino  acid  residue,  promote  aging.  Hence, 
the  aging  mechanism  provides  an  index  of  the  thermodynamic  activity  of  water  within  the  active  center. 


As  a  means  for  extending  these  studies,  we  deveioped  an  experimentaiiy  feasible  series  of  reactions  for 
synthesis  of  homologous  enantiomeric  organophosphorus  agents  in  which  assignment  of  configuration  was 
unambiguous  [10).  A  number  of  enantiomeric  agents  were  synthesized;  a  wide  range  of  inhibition  constants  was 
observed.  Bimoiecular  inhibition  constants  spanned  10^-10®  M'’-min'\  equilibrium  dissociation  constants  10'^- 
10'^  M,  and  phosphonylation  constants  less  than  1  to  greater  than  300  min'^  A  general  but  not  absolute 
preference  for  the  Sp-enantiomer  was  observed.  Cases  were  observed  In  which  there  was  either  no  chiral 
preference  or  an  inversion  in  chiral  preference.  These  results  illustrate  clearly  that  there  exists  no  absolute  chiral 
preference  of  AchE  for  methylphosphonates,  and  that  any  observed  stereospecificty  Is  more  critically  dependent 
on  the  nature  of  the  ester  moiety  (-OR)  and  leaving  group  (-SR')  surrounding  phosphorus  than  on  the  absolute 
configuration  about  the  tetrahedral  phosphorus.  These  studies  represent  the  first  unequivocal  demonstration  that 
Rp-enantlomeric  conjugates  form^  from  bulky  branched  alkyl  methylphosphonates  undergo  neither  oxime 
reactivation  nor  aging. 


The  “Wilsonian"  model  of  the  enzyme  active  center,  derived  by  I.  B.  Wilson  from  study  of  planar  synthetic 
substrates,  indicated  the  presence  of  an  anionic  site  within  5A  of  the  nucleophilic  serine.  As  evidenced  by  chiral 
criteria,  however,  our  studies  indicate  that  the  active  center  contains  two  topographically  distinct  sites  within  a 
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circumscribed  distance  from  the  nucleophilic  serine.  In  addition  to  the  anionic  site,  there  exists  within  5A  of  the 
reactive  serine  a  hydrophobic  alkyl-binding  region  in  close  proximity  of  the  active  center  serine.  This  region  is  of 
importance  since,  as  deduced  from  the  reaction  kinetics,  association  of  alkyl  groups  within  this  region  accelerates 
bimolecular  reaction. 

Probing  the  acvl  region  of  AchE  with  alkvlohosohonates.  In  light  of  these  studies,  irreversible  inhibition  of  the  en¬ 
zyme  active  center  serine  can  occur  through  occupation  of  either  the  anionic  site  or  the  hydrophobic  site.  As  a 
demonstration  of  these  added  degrees  of  freedom  in  inhibition,  we  examined  reaction  of  AchE  with  alkylphos- 
phonofluoridates  containing  rr-alkyl  chains  spanning  C^-C.  alkyl  groups.  All  alkylphosphonofluoridates  were 
highly  reactive  (k.>10®  M'^-min"^)  leading  to  the  conclusion  tnat,  while  AchE  expresses  a  chiral  preference  for  Sp- 
over  Rp-enantlomers,  the  final  orientation  achieved  by  the  organophosphonate  on  the  enzyme  surface  is 
contingent  on  which  one  of  the  four  tetrahedral  faces  undergo  attach  by  the  reactive  serine.  The  identity  of  this 
tetrahedral  face  will  be  governed,  in  turn,  by  the  non-covalent  interactions  between  the  different  groups 
surrounding  phosphorus  and  the  enzyme  surface.  These  studies  are  currently  in  progress  under  ARO 
PROPOSAL  NUMBER:  26582-LS:  CONTRACT  NUMBER:  DA.M03-89-K-0063. 

Cellular  regulation  of  AchE.  Finally,  our  studies  concern  cellular  regulation  of  AchE  arxi  were  urxlertaken  as  one 
means  for  understanding  the  chronic  effects  of  organophosphonates  on  cell  metabolism.  During  these  studies 
we  observed  that  calcium-entry  blockers  such  as  the  dihydropyridine  nifedipine  caused  marked  reductions  in  the 
amounts  of  AchE  molecular  forms  in  primary  tissue  cultures  of  avian  pectoral  muscle  (13).  These  reductions  were 
time-dependent,  requiring  passage  of  3  hours  prior  to  any  observable  response,  dose-dependent,  with  principal 
actions  occurring  in  the  1-100  nM  range,  greater  on  the  7S  and  19S  forms  than  on  the  1 1.4S  form,  and  occurred 
almost  exclusively  with  /nfracellular  AchE  coincident  with  a  2-fold  reduction  in  the  rate  of  secretion.  The  effects 
were  markedly  more  pronounced  In  skeletal  muscle  than  In  neurons,  and  differed  from  those  observed  for  vera¬ 
pamil,  diltiazem,  and  the  calcium  ionophore  A23187.  These  reductions  indicate  that  nifedipine  causes  a  reduction 
in  AchE  biosynthesis.  Since  AchE  forms  are  thought  to  arise  from  a  single  gene,  these  findings  imply  a  linkage  in 
skeletal  muscle  between  transcription  and  post-transcriptlonal  processing  of  mRNA  and  ligand  occupation  of  the 
dihydropyridine  receptor.  This  finding  is  novel  and  represents  the  first  demonstration  of  a  ceil  surface  receptor 
mediated  event  that  leads  to  an  alteration  in  cholinergic  biosynthesis.  In  a  related  series  of  studies  we  have  found 
that  denervation  of  anterior  tibialis  In  rat  leads  to  alterations  in  the  non-denervated  muscle  in  the  contralateral  limb 
and  in  non-denervated  diaphragm  (7,12).  These  studies  indicated  the  existence  of  a  soluble  diffusible 
neurotrophic  factor  that  alters  intraellular  metabolism  of  AchE. 
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We  have  examined  the  interaction  of  the  nicotinic 
acetylcholine  receptor  with  decidium  diiodide,  a  bis- 
quaternary  analogue  of  ethidium  containing  10  meth¬ 
ylene  groups  between  the  endocyclic  and  triniethylam- 
ino  quaternary  nitrogens.  Decidium  inhibits  mono- 
[‘■■''Iliodo-u-toxin  binding,  inhibits  agonist-elicited 
■'Na'^  influx  in  intact  cells,  augments  agonist  competi¬ 
tion  with  mono-['^'"Tliodo-rt-toxin  binding,  and  en¬ 
hances  [''H]phencyclidine  (PCP)  binding  to  a  noncom¬ 
petitive  inhibitor  site.  These  effects  occur  over  similar 
concentration  ranges  (half-maximum  effects  between 
0.1  and  0.4  mm).  Thus,  decidium  binds  to  the  agonist 
site  and  converts  the  receptor  to  a  desensitized  stale 
exhibiting  increased  affinity  for  agonist  and  hetero- 
tropic  inhibitors.  These  properties  are  similar  to  me- 
taphilic  antagonists  characterized  in  classical  phar¬ 
macology.  At  higher  concentrations  decidium  associ¬ 
ates  directly  with  the  noncompetitive  inhibitor  site 
identified  by  [^H]phencyctidinc  binding.  Di.ssociation 
constants  of  decidium  at  this  site  in  the  resting  and 
desensitized  states  are  determined  to  be  29  and  1.2 
respectively.  Analysis  of  fluorescence  excitation  and 
emission  maxima  reveal  that  binding  to  both  the  ago¬ 
nist  and  noncompetitive  inhibitor  sites  is  associated 
with  ~2-fo*'’.  enhancement  of  fluorescence.  The  exci¬ 
tation  maximum  for  decidium  bound  at  the  agonist  site 
appears  at  490  nm  while  that  for  decidium  bound  at 
the  noncompetitive  inhibitor  site  appears  at  530  com¬ 
pared  to  480  nm  in  buffer.  These  results  sugge.st  that 
decidium  experiences  a  more  hydrophobic  environ¬ 
ment  upon  binding  to  the  nicotinic  acetylcholine  recep¬ 
tor  sites,  particularly  to  the  noncompetitive  inhibitor 
site.  Fluorescence  energy  transfer  between  .V'-fluorcs- 
cein  isothiocyanate-lysine-23  a-toxin  (FITC-toxin), 
and  decidium  is  not  detected  when  each  is  bound  to  one 
of  the  two  agonist  sites  on  the  receptor.  This  allows  a 
minimal  distance  to  be  estimated  between  fluoro- 
phores.  In  contrast,  energy  transfer  is  observed  be¬ 
tween  decidium  nonspecifically  associated  with  the 
membrane  or  with  nonspecific  sites  and  the  ITTC-toxin 
at  the  agonist  sites. 

*  Supported  in  part  by  I'nited  States  Public  Hoalih  Service  (Iriints 
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marked  "adrrrtisrnxenl"  in  .accordance  with  IS  (’..S  C.  .Section  17"4 
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The  nicotinic  aeetylcholitie  receptor  (.AcChR)‘  represent.s  a 
prototypic  transmembrane  ligand-regulated  ion  channel.  Cou¬ 
pling  of  receptor  occupation  with  ion  permeability  ari.ses  from 
an  interplay  between  interconvertible  functional  states,  mod¬ 
ulated  by  the  hi.story  of  exposure  to  agoni.st  or  a  variety  of 
heterotropic  ligands,  .such  as  phencyclidine  (PCP)  and  local 
aticsthetics.  'I'he  emerging  description  of  ligand-response  cou¬ 
pling  reveals  a  dynamic  receptor  entity  possessing  discrete 
but  allo.sterically  interactive  sites  and  functional  domains  on 
the  receptor  oligonter. 

Fluorescent  ligands  containing  5-dimethylaminonaphthal- 
ettc-l-sulfy!  (Dan.syl)  (Heidmann  and  Changeux,  1979),  pyr- 
enebutyl  (Tan  and  Barrantes,  19801,  or  7-nitrobenzo-2-<>xa- 
1, 3-diazole  (Prinz  and  Maelickc,  1983a,  1983b;  Bolger  cl  til.. 
198-1)  moieties  have  been  employed  to  characterize  effector 
sites  and  mechanisms  underlying  functional  transitions  of  the 
nicotinic  receptor.  The.se  lig).nds  emit  at  wavelengths  shorter 
than  550  nm.  .A  ligand  which  emits  at  wavelengths  greater 
titan  (iOO  nm  would  he  useful  for  assessing  intersite  distances 
through  excitation  energy  transfer.  To  this  end,  we  have 
cliaractorized  the  interaction  of  decidium  diiodidc  with  the 
.■\cChR.  Hecidiuni  is  a  fluorescent  phenylphenanthridium  an¬ 
alogue  of  ethidium  which  contains  10  methylene  groups  be¬ 
tween  the  endocyclic  ((uateriiary  nitrogen  and  the  exocyclic 
trimethylaniino  quaternary  nitrogen.  Hence,  it  contains  an 
interqiiaternary  distance  identical  to  decameihonium  and  its 
congeners  which  have  Iteen  widely  studied  in  nicotinic  recep¬ 
tor  fiin.ct  ion. 


.STtncTrur.  1 


In  the  present  study  we  describe  the  [ili  irmacological,  bio¬ 
chemical.  and  spectroscopic  properties  of  decidium  igton  in¬ 
teraction  wiih  tlie  .AcCliR.  Dipolar  energy  transfer  is  em- 


'  The  ahhrcviatioiis  used  are:  .Acl'hR,  iiiooUTiic  ai'etylcheline  re¬ 
ceptor;  FirC-toxin,  .V'-lluoresrein  isnt hioc\ anate-lvsiiie-3d  cobra  o- 
toxin;  o-toxin,  A’u/n  r:a:a  siarnciris  .i  o-toxin;  ’'  I -labeled  o-toxin,  o- 
moi;o-[  ■'  'I liod(*-,,-t.>xin:  F{'P,  phrm'c'chdm,';  l\  ,  pro: t cl  io.n  consl am. 
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ployed  to  determine  the  distance  between  the  two  AcChR 
agonist -binding  sites  using  N'-tluorescein  isothiocyanate-ly¬ 
sine-23  cobra  o-toxin  (Fll'C-toxin)  bound  to  one  and  deci- 
dium  to  the  other. 

'I'o  characterize  the  properties  ot'  decidium,  we  utilized  both 
the  BC3H-1  clonal  nui.scle  cell  line  and  AcChR-enrichcd 
membrane  fragments  from  Torpedo  californico.  BCdU-l  cells 
grow  in  monolayer  cultures  and  elaborate  uniformly  distrib¬ 
uted  surface  AcChRs  permitting  simultaneous  measurement 
of  receptor  occupation  and  functional  response  in  the  same 
population  of  intact  cells.  'T(jrpcd()  electric  organs  provide 
highly  enriched  source  of  receptors  for  fluorescence  measure¬ 
ments. 


E.\I‘E1!IME.\TAL  PROCEDt  HES 

Malenr.h — Cell  culture  media  and  fetal  calf  serum  were  oluained 
from  CiIHCO.  Hadionuclides,  •■'I  and  ‘'Na*,  and  ['HIPCI’  were  ob¬ 
tained  carrier-free  frotn  Du  I^oiit-.N'ew  England  .Xuclear.  I’CP  was 
obtained  from  the  National  Institute  of  Drug  .Mmse.  d-Tul)oeurarine 
chlonds  was  a  gift  from  Lilly.  Dinnplithyldecumethoniurn  was  a  gift 
from  Dr.  fl.  P.  Rang  (University  College,  London.  England).  Proad- 
ifen  was  obtained  from  Smith  Kline,  and  French.  Meproadifen  was 
prepared  by  methylating  proadifen  with  iodomethane.  Lidocaine  and 
carbamylcholinc  were  from  Sigma.  The  synthesis  and  chemical  char¬ 
acterization  of  decidium  is  described  in  Bcrimm  et  at.  (1987).  Freshly 
prepared  solutions  of  decidium  in  buffer  were  clarified  by  filtration 
and  the  decidium  concentration  determined  from  the  absorbance  at 
■ISO  nm  (os,-,  =  tlOOO  M''  cm"').  Concentrated  stock  solutions  were 
dissolved  in  acetonitrile,  protected  from  light,  and  stored  at  -10  "C. 
FFl'C-toxin  was  prepared  as  described  elsewhere  (Johnson  and  T.ay- 
lor,  1932)  and  purified  by  column  isoelectric  focusing  (Weiland  ct  ai, 
137(5).  Cobra  o-toxin  (sianu'nxis  3)  was  isolated  following  the  method 
of  Karlsson  et  at.  (1971)  from  Naja  naja  siamefi.sis  venom  (Miami 
Serpentarium,  Salt  Lake  City,  UT).  Mono-[''’''I)iodo-<»-toxin  (siarien- 
sis  3}  (‘•'  I-lrtbeled  o-toxin)  wa.s  prep.ired  and  .separated  from  noniod- 
inaied  and  diiodo  species  by  column  i.soclectric  focusing.  All  other 
reagents  were  at  least  reagent  grade.  Except  where  noted,  all  binding 
and  spectroscopic  analyses  were  performed  with  samples  suspendto 
in  100  mM  NaCl,  10  mM  sodium  phosphate  buffer  at  pH  7.4. 

Receptor  I.-iolation — Receptor-rich  membrane  fragments  were  iso¬ 
lated  from  T.  californica  electric  organ  following  published  procedures 
(Johnson  and  \'guerabide.  1985;  Reed  et  at.,  1975).  The  specific 
binding  activities  of  the  receptor  preparations  were  measured  by 
adsorption  of  '''I-labeled  o-toxin-receptor  complexes  onto  DE.Mv 
cellulose  filters  (.Schmidt  and  Raftery,  1975)  and  ranged  between  1 
and  2  nmol  of  o-toxin-binding  sites/mg  of  protein. 

Assays  of  Receptor  Occupation  and  A^unist-siirnulated  I'ermeahilile 
Rcspuns( —Kinetic  assays  to  measure  ligand  competition  with  the 
initial  rate  of  '-"I-labeled  n-toxin  binding  to  .\cChR  in  Torpedo 
membranes  were  performed  using  Whatman  DE81  filter  discs  to 
adsorb  selectively  the  receptor-toxin  complex  as  described  previously 
(Vl'ciland  et  at.,  19761.  To  reduce  nonspecific  adsorption  of '®I-labeled 
o-toxin,  the  filter  discs  ..ere  acid-washed  as  follows.  Filters  were 
placed  in  a  43  "C  MCI, /methanol  solution  (1:2.  v/v)  and  allowed  to 
cool  to  room  temperature  over  a  4.5-min  period.  The  filters  were 
washed  three  times  in  distilled  water  with  an  overnight  soak  and  then 
dried  before  use. 

Assays  of  ligand  competition  with  initial  rates  of  '’'1 -labeled  o- 
toxin  binding  and  agonist  stimulated  ''.Na'  permeability  in  intact 
BCilH-I  cells  were  performed  as  de.scribed  previously  (Sine  and 
Taylor.  1980:  Brown  and  Taylor,  1983). 

/  ’////'( 7‘  Rinding — Equilibrium  binding  of  radiolabeled  I’CP  was 
measured  by  a  modification  of  the  centrifugation  ass.ay  of  Ileidmann 
et  at.  ( 19,83 )^is  described  by  Palma  et  at.  (198(5).  Competition  bimling 
experiments  were  analyzed  by  the  LIGAND  nonlinear  curve-liiting 
program  developed  by  Munson  and  Rodbanl  (19.80).  PCP  affinity 
toward  the  desensitized  and  resting  states  were  determined  to  be  0.4 
and  2.0  aM.  respectively.  Data  points  are  the  mean  of  duplicate 
samples. 

Steady-stale  Spectroscopy  ^  Steady-state  lluorescence  and  absorp¬ 
tion  measurements  were  made  with  a  SPEX  FlllA  speclrofluoro- 
meter  and  a  Perkin-Elmer  Lambda  3B  spectrophotometer,  respec¬ 
tively. 

Fluorescence  Titrations  of  Decidium  Association  irith  the  Recep¬ 
tor — Titrations  were  carried  out  in  1-cm  cuvettes  using  a  water- 


jackotted.  four-sample  turettc-d  compartment.  ,-\ll  lluorescence  values 
were  corrected  for  dilution  resulting  from  acided  titrant,  incident  light 
scatter,  and  innerfilter  effects.  Except  where  noted,  excitation  and 
emission  wavelengths  were  290  and  G20  nm,  respectively.  In  the  case 
of  direct  titrations  with  decidium,  fluorescence  contributions  of  the 
free  ligand  were  subtracted  from  total  lluorescence,  and  the  specific 
fluore.sfcnce  enhancement  rersus  ligand  concentration  was  plotted 
directly. 

For  measurements  of  competition  with  other  ligands,  decidium  and 
receptor  concentrations  were  2. .5  and  (’.25  nM,  respectively.  Data  are 
plotted  to  the  formulation 
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where/, //I,  and  /care  the  observed  decidium  fluorescence,  lluorescence 
when  sites  on  the  receptor  are  fully  occupied,  and  the  fluorescence 
when  decidium  is  fully  dissociated  from  the  receptor.  [D]  and  [(.') 
re[)resent  the  estimated  free  decidium  and  competing  ligand  concen¬ 
trations.  and  Ki,  and  Kr  represent  their  respective  dissociation  con¬ 
stants  (Taylor  and  Lappi,  1975).  Equation  1  assumes  that  |DJ  »  Ki, 
and  that  (Dj  is  in  excess  of  its  binding  sites. 

Fluorescence  Lifetime  Analysis — Fluorescence  lifelimes  were  deter¬ 
mined  by  the  single-photon-counting  technique  using  an  EEY  .Sci¬ 
entific  nano.seconJ  fluorescence  speclrolluorometer  (La  Jolla,  CA) 
equipped  with  a  high  pressure  hydrogen  arc  lamp.  Excitation  and 
emission  bands  of  the  FlTC-toxin  were  select i\'ely  monitored  with 
Oriel  450  nm  broad  and  500  nm  narrow  band  interference  filters, 
respectively.  The  filters  used  for  measurement  of  the  FlTC-toxin 
lifetime  were  selected  to  eliminate  interference  from  decidium  emi.s- 
sion.  In  addition  to  the  chromatic  filters.  Polaroid  H.N'P'H  dichroic 
film  polarizers  (Norwood.  M.A)  were  placed  in  the  excitation  and 
observation  paths.  The  emission  polarizer  was  rotated  at  an  angle  of 
55"  relative  to  the  vertically  oriented  excitation  polarizer  to  eliminate 
ani.sotropic  contributions  to  the  observed  decay.  Light  scatter  was 
corrected  by  subtracting  the  decay  curves  for  samples  containing  all 
the  components  except  the  luorophore.  The  instrumental  arrange¬ 
ment  ana  principles  of  data  treatment  have  been  discus.sed  in  detail 
(Yguerabide,  1972;  Johnson  and  Ygtierabide.  19S5). 

Kner/iy  Transfer — Tlie  efficiency  of  dipolar  resonance  energy 
Ininsfer  between  a  discrete  donor  and  acceptor  pair  is  related  to  the 
distance  (R)  seirarating  the  pair  by  Equation  2  (Forster,  19G5). 


R  =  R.4L/E  -  D"  (2) 

R„,  the  distance  at  which  transfer  efficiency  equals  50T,  Is  9.7C5  x 
to'  'I'he  overlap  integral,  J,  between  excited  .state  d'r.ar 

and  acceptor  dipoles  is  the  integrated  area  of  overlap  between  the 
donor  emission  spectrum,  /a(,\),  and  the  acceptor  absoriRion  spec¬ 
trum.  <,,(,\)  (Equation  3). 


^  ^  ;;„(,\)...,(,\),\V.\ 
J/a(Mrf.\ 


(.3) 


til)  denotes  the  donor  quantum  yield  in  the  absence  of  acceptor  and  „ 
represents  the  refractive  index  of  the  medium  between  donor  and 
acceptor,  ic",  the  orientation  factor,  accounts  for  the  relative  orienta¬ 
tion  of  the  donor  viui.ssion  and  acceptor  absorption  transition  dipoles. 
A  is  the  wavelength  in  cm. 

When  donor  and  acceptor  are  at  separate  sites  on  a  macromolecule, 
the  efficiency  of  energy  transfer  ( £;,)  can  be  me.asured  by 


R'n  =  1  - 


(4) 


where  r,.,,  and  are  the  fluorescence  lifetimes  of  the  donor  in  the 
pre.sence  and  absence  of  acceptor,  respectively  (Forster,  1959). 

The  distance  relationships  between  FlTC-toxin  and  decidium 
bound  to  the  agonist  sites  on  the  AcChR  w.is  examined  after  IJT  of 
the  agonist  sites  were  occupied  with  the  FlTC-toxin.  This  value  was 
chosen  as  a  compromise  between  maximizing  the  signal  from  FlTC- 
toxin  while  minimizing  the  number  of  receptors  with  both  agonist 
sites  occupied  with  FlTC-toxin.  Since  FITC-toxin  binds  with  equal 
probability  to  either  of  the  two  agonist  sites,  the  formula  for  a 
binomial  distribution  was  used  to  estimate  the  proportion  of  doubly 
versus  singly  occupied  receptors  (Damle  and  Karlin,  1978).  With  15''; 
of  all  the  o-loxin-hinding  sites  occupied  by  FI 'FC-toxin.  827c  of  the 
FIT("-loxin-oceupied  rereptors  will  liave  only  one  toxin  molecule 
hound,  and  17'7,  will  have  two  FITC-toxin  molecules  hound  (c/.  Table 
I  in  Damle  and  Karlin,  1978),  After  the  FITC-toxin  was  incubated 
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FlO.  I.  Dccidium  inhibilion  of  initial  rates  of  cobra  '■'■’I-labeled  «-toxin  and  carbamylcholine-stini- 
ulated  ^'^Na*  influx  in  Torpedo  memVjranes  and  BC3H-I  cells.  Initial  rates  of  "  I-labeled  o-toxin  binding 
to  AcChFt  in  Torpedo  membrane  fragments  l.H  or  monolayer  Ht’!tH-l  cultures  (ti'i  were  measured  in  the  presence 
of  the  indicated  decidium  concentrations.  Oata  were  normalized  to  the  rate  of  o  toxin  binding  in  the  absence  of 
decidium.  C,  initial  rate.s  of  carbamylcholine-siimulated  ■■'Na'  influx  were  measured  in  BC.IH-l  cells  in  the  presence 
of  60  a^f  carhamylcholine  plu.s  the  indicated  decidium  concentrations.  Experimenttil  determinations  were  made  in 
duplicate.  Filled  circles  (•),  equilibrium  exposure  tOli  min)  to  bulfer  containing  the  indicated  decidium  concentra¬ 
tions  followed  by  initial  rate  measurements  of  either  '-'l-laheled  o-toxin  or  carbamylcholine-stimulated  -‘Na^ 
inllux  in  the  presence  of  the  indicated  decidium  concentrations.  Open  circles  (O),  after  equilibration  in  Puffer  alone 
for  30  min,  the  instantaneous  addition  of  decidium  and  o-toxin  (paneU  A  and  It)  or  60  aM  carhamylcholine  ipanci 
C)  starts  tiie  respective  initial  rate  measurements.  The  solid  lines  represent  nonlinear  best  llt.s  to  the  Hill  equation. 


with  the  .AcHliR,  the  rt-maining  unoccupied  soys  were  occupied  by  a 
near  saturating  concentration  of  decidium,  10  aM.  I’Dr  1100  'vas 
present  to  prevent  decidium  binding  to  the  noncompetitive  inhibitor 
site. 


UHSn.’l'S 

Decidium  Inhibition  of  Initial  Rate  of  '-'’l-Luhclcd  n-Toxin 
Binding  and  Aitonitsl-srimulaied  -'iVn*  Permeability— Dcci- 
diutn  u.hibition  of  the  initial  rate  of  '''I-labeled  <\-toxin 
binding  to  both  Torpedo  AcChR-enriched  membrane  frag¬ 
ments  and  intact  B(13H-1  cells  was  examined  after  instanta¬ 
neous  and  prolonged  (30  min)  exposure  to  decidium,  Decidium 
inhibits  o-t(/xin  binding  to  AcChR  in  'Torpedo  membranes 
(h'ig.  M)  and  in  intact  RC3H-1  cells  (Fig,  IR),  In  each  case 
the  iiinding  prollle.s  exhibit  Hill  cocfficient.s  (riu)  le.ss  than 
unity,  Decidium  also  inliihits  ''Na*  intlux  stimulated  by  car- 
biunylcholine  in  RC3H-1  cells  (Fig,  IC)  at  slightly  lower 
concentrations  but  with  a  somewhat  .steeper  itrofile  (Table  1). 
.-\s  seen  in  Torpedo  (Neubig  and  Cohen,  1979;  Welland  atid 
Taylor.  1979)  and  in  R('3H-1  cells  (Sine  and  Taylor,  19S1), 
the  Hill  slope  ('f  less  than  unity  for  occupation  sugge.«ts 
nonequivalence  of  decidium  K,/  for  the  two  agonist  .sites  on 
the  receptor.  The  (ie[iendence  on  lower  antagonist  concentra¬ 
tions  for  hhickade  of  the  functional  response  is  con.sisfent 
with  the  concept  that  occupation  of  only  one  of  the  two  site.s 
is  adeciuate  to  achieve  functional  antagoni.sin,  as  documented 
for  the  classic.il  .inlagonists  (Sine  and  Taylor.  I'J.Al).  In 
control  experiment.s,  decidium  alone  did  not  increa.se  ‘'Na' 


permeability  over  ba.sal  values,  indicating  that  it  hasnopartial 
agonist  activity  (data  not  shownl. 

The  (iecidium  protection  constants  decreased  2—1 -fold  wdien 
decidium  was  added  30  min  prior  to  instead  of  simultaneously 
wuh  radiolabeled  <v-toxin  addition  (Fig.  1,  Table  1).  This 
observation  suggests  that  decidium  possesses  a  limited  capac¬ 
ity  to  convert  AcCliR  to  a  state  which  displays  increased 
alTmity  for  decidium.  Such  a  conversion  in  AcChR  state  might 
occur  by  decidium  acting  at  the  agonist  site  as  a  nietaphilic 
antagonist  (Rang  and  Ritter,  1970a,  1970b)  or  by  acting  at  an 
allosteric  site  as  a  noncompetitive,  heterotropic  inhibitor.  In 
both  cases,  a  slow  conversion  to  a  state  possessing  a  higher 
affinity  for  decidium  is  predicted. 

Dcckliurn  Inhibition  of  Agonist  Activation  of  AcChR  Perme¬ 
ability  Response — To  examine  the  mechanism  of  decidium 
inhibition,  the  concentration  dependence  for  carbamylcholine 
activation  of  -'Na’  permeability  was  measured  in  BC3H-1 
cells  in  the  presence  of  decidium.  For  comparison,  a  meta- 
philic  aniagonist.  dinaphthyldecamethonium  (Rang  and  Rit¬ 
ter,  l970a,  IJiiii)'),  and  a  classical  antagonist,  rf-tuboenrarine 
were  also  examined.  Increasing  decidium  concentrations  pro¬ 
gressively  shift  the  carbamylcholine  concentration-response 
curve  to  higher  agonist  eoncentrations  as  well  as  reduce  the 
maximal  respon.se  obtained  at  saturation  (Fig.  2.4).  This 
behavior  indicates  both  competitive  and  noncompetitive  com- 
Iioncnts  of  decidium  inhibition  are  present.  Like  decidium, 
f!ina[)hthyldecamelhonium  di.splays  apparent  noncompetitive 
inhibition,  consistent  with  conversion  of  .AcChR  to  a  desen¬ 
sitized  state  ineaiiable  of  channel  opening  (Fig.  2R).  d-Tiibo- 
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Protertinn  cnstrints,  K,„  for  decidiwn  inhihilion  of  inilir.l  rales  of  rnrhannkhi  line-slonuhited  '  Sa‘  influx  and 

''  I-lnhrled  o-tnxin  hmdme 


Lt!ect,i  (it  .-.iinulMiii.'iMis  nr  ,'tn  ruin  prior  ilvciiliiini  ex])i)siire.  InhilMlinn  ilala  were  ol'taineil  as  describeil  under 
'Experimeni :il  I’r  .I'edures"  and  in  Fie.  !■  Data  were  analyzed  as  described  bv  Sine  ami  Taylor,  lOT;!,  \'alue.s  are 
eiven  ±S,n.  and  tb.e  number  of  delerniin.ilions  are  in  parenliie.scs. 
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Fig.  2.  Antagonist  inhibition  of  concentration-dependent 
carbamylcholine  elicited  Na-^  permeability  in  BC3H-1  cells. 

permeability  elicited  by  the  specified  concentrations  of  carba¬ 
mylcholine  plus  antagonist  was  measured  over  a  20-s  interval  in  sets 
of  culture  dishes.  Results  are  expressed  as  percent  of  the  maxi¬ 
mum  rate  in  the  absence  of  antagonist.  A.  decidium;  ■ - ■,  no 

added  decidium;  • - •,  10"’  M;  A - A,  3  x  10"'  m; 

O - O,  10"“  M;  □ - □,  3  X  10"®  M.  B,  dinaphthyldecamethonium: 

■ - ■,  no  added  dinaphthyldecamethonium;  — •.  6  x  10“’  M; 

A - A,  3  X  10"'’  M;  O- — O,  10"®  M.  C,  d-tubocurarine;  ■ - ■,  no 

added  d-tubocurarine;  • - •,  3  x  10"'  M;  A - A,  10"®  M;  O _ -O 

6  X  10“®  M. 

curarine,  by  contrast,  shifts  the  curve  to  higher  agonist  con¬ 
centrations  without  altering  the  maxitnal  permeability  re¬ 
sponse  (Fig.  2C). 

Decidium  Enhancement  of  Agonist  Competition  with  a- 
Toxin  Binding — The  previous  data  do  not  distinguish  whether 
decidium  converts  AcChR  to  a  state  of  increased  agonist 
affinity  and  decreased  functional  responsiveness  by  associa¬ 
tion  at  the  agonist  site  or  at  heterotropic,  allosteric  site(s).  If 
decidium  action  was  exerted  solely  at  the  agonist  site,  then 
decidium  enhancement  of  the  apparent  agonist  affinity  should 
occur  over  the  same  concentration  range  as  decidium  compe¬ 
tition  with  ‘‘'’I-labeled  a-toxin  binding.  Alternatively,  if  de¬ 
cidium  converts  the  AcChR  to  a  state  of  increased  agonist 
affinity  by  an  allosteric  mechanism  as  has  been  demonstrated 
for  the  noncompetitive  inhibitors  (Sine  and  Taylor,  1980; 
Royd  and  Cohen,  1980;  Quast  et  ai,  1978;  Weiland  et  ai, 
1976),  we  should  observe  a  separation  between  the  concentra¬ 
tion  dependences  for  direct  decidium  competition  and  allo¬ 
steric  enhancement  of  agonist  competition  with  a-toxin  bind¬ 
ing.  To  address  this  question,  we  examined  the  concentration 
dependence  for  decidium  augmentation  of  the  competition  of 
agonist  with  the  initial  rate  of  ‘“I-labeled  a-toxin  binding, 
and  these  results  were  compared  to  the  concentration  depend¬ 
ence  for  decidium  competition  of  the  initial  rate  of '“I-labeled 
a-toxin  binding.  Data  on  Torpedo  membranes  (Fig.  3.4 )  and 
BC3H-1  cells  (Fig.  dB)  show  identical  decidium  concentration 
dependences  for  inhibition  of  a-toxin  binding  and  for  aug¬ 
mentation  of  the  competition  of  carbamylcholine  with  o-toxin 
binding.  For  comparison.  Fig.  3C  shows  the  corresponding 
result  obtained  with  the  local  anesthetic  meproadifen  in  Tor¬ 
pedo  membranes.  Here,  meproadifen  enhances  carbamylcho¬ 
line  competition  with  a-toxin  binding  at  far  lower  concentra¬ 
tions  than  those  required  for  inhibition  of  a-toxin  binding. 

Decidium  Modulation  of  f'HfPCP  Binding — (“HJPCP  has 
been  shown  previously  to  bind  selectively  to  a  site  on  the 
receptor  which  is  noncompetitive  with  and  allosterically  cou¬ 
pled  to  agonist  binding  (Albuquerque  et  ai,  1980;  Heidmann 
et  ai,  1983).  Prolonged  occupancy  by  agonists  and  certain 
antagonists  converts  the  receptor  to  a  desensitized  state  ex¬ 
hibiting  increased  agonist  affinity  as  well  as  increased  affinity 
for  noncompetitive  inhibitors  such  as  PCP.  Occupancy  of  the 
agonist  site  by  a-toxin  prevents  the  conversion  of  the  receptor 
to  the  desensitized  state.  Conversely,  occupancy  of  the  non¬ 
competitive  inhibitor  site  by  PCP  converts  the  receptor  to  a 
state  exhibiting  increased  affinity  for  certain  agonists  (Palma 
et  ai,  1986).  We,  therefore,  examined  the  influence  of  deci¬ 
dium  on  [''HJPCP  binding  to  the  Torpedo  AcChR  in  the 
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Fig.  3.  Decidium  and  meproadifen  enhancement  of  carba¬ 
mylcholine  competition  with  the  initial  rate  of  "''I-labeled  a- 
toxin  binding  to  AcChR  in  Torpedo  membranes  and  BC3H-1 
cells.  Decidium  and  meproadifen  were  added  in  the  specified  concen¬ 
trations  30  min  before  initiating  the  toxin-binding  reaction.  Carba¬ 
mylcholine  was  added  either  10  s  or  30  min  before  addition  of  «- 
toxin.  Initial  rates  of  toxin  binding  were  measured  over  40  s  and 
expressed  as  a  percent  of  the  rate  observed  in  the  absence  of  added 

effector.  O - O,  rate  of  binding  measured  with  10  s  of  pr’or  exposure 

to  agonist;  • - #,  rate  of  binding  with  30  min  of  prior  exposure  to 

agonist;  ■ - ■.  rate  of  binding  with  expo.«ure  only  to  decidium  or 

meproadifen.  A,  decidium.  Torpedo  membranes.  KDjc  for  10  s,  30  min, 
and  no  exposure  to  carbamylcholine  were  0.10,  0.60,  and  0.16  «M, 
respectively.  The  test  carbamylcholine  concentration  wa.s  1  nM.  B, 
decidium,  BC3H-1  cells.  ED,-*  for  10  s,  30  min,  and  no  exposure  to 
carbamylcholine  were  0.29,  0.74,  and  0.47  a.M,  respectively.  The  test 
carbamylcholine  concentration  was  30  aM.  C,  meproadifen.  Torpedo 
membranes.  EDm  for  10  s,  30  min,  and  no  exposure  to  carbamylcho¬ 
line  were  0.79,  0.03,  and  1.0  aM,  respectively.  The  test  carbamylcho¬ 
line  concentration  was  1  pM.  Asterisk  indicates  overlapping  data 
points. 


Fig.  4.  Decidium  modulation  of  [®H]PCP  binding  to  the  Tor¬ 
pedo  membranes.  Assays  solutions  contained  membranes  (1.0  /iM 
in  «-toxin  sites),  (•‘HJPCP  (1.0  ^jM),  plus  specified  effector  ligand 

concentrations.  • - •,  in  the  presence  of  carbamylcholine  (200  ^m); 

A - A,  in  the  presence  of  n-toxin  (10  nM);  O - O,  in  the  absence 

of  both  «-toxin  and  carbamylcholine. 

absence  and  presence  of  excess  carbamylcholine  or  a-toxin 
(Fig.  4).  A  subsaturating  concentration  of  ['’HJPCP  was  used 
in  order  to  monitor  both  increases  or  decrea.ses  in  the  capacity 
of  ["HIPCP  to  bind  to  the  AcChR. 

When  the  agonist  sites  are  occupied  with  saturating  con¬ 
centrations  of  carbamylcholine  or  a-toxin  increasing  concen¬ 
trations  of  decidium  displace  ['’HjPCP,  consistent  with  direct 
action  of  decidium  at  the  noncompetitive  inhibitor  site  in  its 
high  and  low  affinity  states,  respectively.  As  expected,  car¬ 
bamylcholine  alone  enhances  the  fraction  of  bound  ["HIPCP. 
Using  previously  determined  values  f(.r  the  of  PCP  toward 
the  desensitized  and  resting  receptor  states,  the  Kj  of  deci¬ 
dium  toward  the  site  in  these  two  states  were  calculated  to  be 
1.2  and  29  pM,  respectively. 

In  the  absence  of  either  carbamylcholine  or  a-toxin,  deci¬ 
dium  exhibits  biphasic  effects  on  ['’HJPCP  binding  (Fig.  4). 
Low  concentrations  of  decidium  increase  ['"HJPCP  binding  to 
the  level  observed  in  the  presence  of  carbamylcholine,  sug¬ 
gesting  that  decidium  interaction  at  the  agonist  site  converts 
the  receptor  to  a  state  exhibiting  increased  J  'HIPCP  binding. 
At  higher  concentrations  decidium  inhibits  ( 'HJPCP  binding, 
indicating  decidium  directly  competes  with  the  PCP-binding 
site. 
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Spectroscopic  Characterization  of  Decidium- AcChR  Com¬ 
plexes — Excitation  and  emission  fluorescence  spectra  of  de¬ 
cidium  complexed  with  the  agonist  and  high  affinity  noncom¬ 
petitive  inhibitor  sites  were  obtained  either  in  the  presence  of 
excess  PCP,  to  block  the  noncompetitive  inhiiiitor  site,  or 
excess  carbamylcholine,  to  block  the  agonist  site.  Contribu¬ 
tions  to  the  spectra  arising  from  free  ligand  and  light  scatter 
were  subtracted  to  yield  the  difference  spectra.  The  corrected 
excitation  maximum  of  decidium  complexed  with  the  agonist 
site  appears  at  490  nm,  while  the  excitation  maximum  of 
decidium  at  the  noncompetitive  inhibitor  site  appears  at  530 
nm  (Fig.  3,4).  The  fluorescence  emission  maximum  of  deci¬ 
dium  complexed  to  the  agonist  or  the  high  affinity  noncom¬ 
petitive  inhibitor  sites  appear  between  605  and  610  nm  (Fig. 
5B ).  The  apparent  quantum  yield  of  decidium  increases  about 
2-fold  upon  binding  to  either  the  agonist  or  the  noncompeti¬ 
tive  inhibitor  sites. 

Fluorescence  Titrations — Equilibrium  binding  parameters 
for  decidium  association  at  the  agonist  sites  were  determined 
by  fluorescence  titrations  (Fig.  61.  Excitation  at  290  nm  was 
used  to  maximize  the  signal  from  the  bound  fluorophorc.  The 
spectral  overlap  between  receptor  tiyittophanyl  emission  and 
decidium  absorbance  in  the  340-nm  band  results  in  substan¬ 
tial  enhancement  of  the  bound  decidium  signal  relative  to  480 
nm  of  excitation.  All  samples  contained  100  ;:iM  PCP  to 
prevent  decidium  binding  to  the  noncompetitive  inhibitor  site. 
Fig.  6S  shows  the  specific  fluorescence  from  decidium  bound 
to  the  agonist  sites,  where  nonspecific  binding  was  defined 
using  excess  cobra  o-toxin.  In  four  replicate  titrations  we 
obtained  composite  values  of  Kj  =  0.57  ±  0.34  and  tin  = 
0.89  ±  0.19. 

The  obserx-ation  of  a  Hill  coefficient  less  than  unity  sug¬ 
gested  nonequivalence  of  decidium  dissociation  constants  at 
the  agonist  sites.  We  also  carried  out  displacement  titrations 
of  decidium  by  the  agonist  carbamylcholine,  which  displays  a 
unitary  Hill  coefficient  for  binding  (Weiland  et  ai,  1977)  (Fig. 
7).  At  saturation,  carbamylcholine  reduces  decidium  fluores¬ 
cence  to  a  similar  extent  as  excess  n-toxin.  Hill  analysis  of 
the  data  (Fig.  7B)  reveal  n^  =  0.85.  The  observation  of  Hill 
coefficients  less  than  unity  for  displacement  of  decidium 
further  suggests  some  nonequivalence  for  the  interaction  of 


decidium  at  the  agonist  sites,  in  accord  with  the  pharmaco¬ 
logical  studies.  Analogous  results  were  obtained  by  competi¬ 
tion  with  the  partial  agonist  decamethonium  (data  not 
shown). 

Energy  Transfer  between  FITC-toxin  and  Decidium — To 
examine  the  distance  between  the  two  agonist  sites  on  the 
individual  receptor  molecules,  we  assessed  dipolar  fluores¬ 
cence  energy  transfer  between  FITC-toxin  and  decidium 
bound  to  the  agonist  sites  on  the  receptor.  Doubly  liganded 
receptors  were  prepared  to  achieve  the  fractional  occupation 
described  under  “Experimental  Procedures.’’  Saturating  con¬ 
centrations  of  PCP  were  added  to  prevent  decidium  binding 
to  the  noncompetitive  inhibitor  site.  The  spectral  overlap 
integral  between  FITC  emission  and  decidium  excitation,  J, 
was  calculated  to  he  2.49  x  lO*'''  cm  '  -M"'  (cf.  Fig.  4  and  data 
not  shown).  Assuming  a  refractive  index  of  1.4  and  an  orien¬ 
tation  factor  (a")  of  0.67,  /?„  was  calculated  to  be  30A. 

Various  factors  render  quantitation  of  steady-state  energy 
transfer  between  FITC-toxin  and  decidium  bound  to  the 
AcChR  difficult.  The.se  factors  include  the  significant  overlap 
of  decidium  and  FITC  emission  spectra  and  the  innerfilter 
effi'cts  of  decidium  at  the  FITC  absorption  maxima.  Since 
fluorescence  lifetimes  are  unaffected  by  innerfilter  effects  and 
since  an  appropriate  combination  of  interference  filters  could 
be  chosen  which  reduces  the  contribution  of  decidium  fluo¬ 
rescence  to  less  than  r>%  of  the  FITC  fluorescence  signal,  we 
have  chosen  to  determine  energy  transfer  as  the  extent  of 
reduction  of  donor  FITC  fluorescence  lifetime  (Equation  4) 
in  the  presence  of  the  acceptor  decidium.  The  results  of  studies 
on  membrane-associated  and  detergent-solubilized  receptor 
preparations  are  presented  in  Fig.  8  and  Table  II.  In  the 
absence  of  added  decidium  and  with  15%  occupancy  by  FITC- 
toxin,  the  exponential  decay  of  FITC-toxin  fluorescence  was 
satisfactorily  described  by  a  single  fluorescence  lifetime  (t  = 
3.9  ns).  When  decidium  was  added  to  saturate  the  remaining 
agonist  sites,  a  16%  decrease  was  observed  in  the  fluorescence 
lifetime  of  Fl'l’C-toxin  bound  to  the  membrane-associated 
AcChR  (Fig.  8A).  This  quenching  was  not  altered  by  the 
further  addition  of  native  o-toxin  (Fig.  8B)  and  was  abolished 
by  solubilizing  the  receptor  with  cholate  (Fig.  8,  C  and  D). 
Taken  together,  the  reduction  in  FITC-toxin  fluorescence 
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Fio,  5.  A,  normalized  and  corrected  difference  excitation  spectrum  of  decidium  bound  to  the  enriched 
AcChR  membranes.  Dashed  tine  represents  the  diflerenre  .spectrum  for  decidium  bound  to  the  agonist  sites 
obtained  from  samples  (AcChR,  0.25  pM  in  o-toxin  sites;  decidium,  1.0  uM;  PCP,  100  j/M)  in  the  absence  and 
presence  of  c.arbamylcholine  (.500  pM).  Solid  line  represents  difference  spectrum  for  decidium  bound  to  the 
noncompetitive  inhibitor  site  obtained  from  .samples  (AcChlt,  1.0  pM  in  o-loxin  sites;  deciditim,  2.0  pM;  carbamyl¬ 
choline,  500  pM)  in  the  absence  and  presence  of  PCP  (100  pM).  Dotted  line  represents  the  corrected  emission 
spectrum  of  decidium  in  buffer.  B.  normalized  uncorrected  difference  emission  spectrum  of  decidium  bound  to  tlie 
membrane-enriched  AcChR.  Dashed  line  represents  the  difference  spectrum  for  decidium  bound  to  the  agonist 
sites  obtained  from  samples  (AcChR,  0,2.5  pM  in  toxin  sites;  decidium,  1.0  pM;  PCP,  100  pM)  in  the  absence  and 
presence  of  carbamylcholine  (500  pM).  Solid  line  represents  difference  sfiectrum  for  decidium  bound  to  the 
noncompetitive  inhibitor  site  obtained  from  samples  (AcChR,  1.0  pM  in  toxin  sites;  decidium.  2.0  pM;  carbamyl¬ 
choline,  500  pM)  in  the  absence  and  presence  of  PCP  (100  pM).  Dotted  line  represents  the  uncorrected  excitation 
spectrum  of  decidium  in  buffer. 


Deciciiurn- Acetylcholine  Receptor  Interactions 


U021 


OECIDIUW.  (uM 


FK'..  6.  .4,  titration  of  membrane-enriched  AcChR  with  decidium. 
Incremental  quantities  of  decidium  were  added  to  2.0  ml  of  membrane 
.suspension  of  AcCbR  (0.2  nM  in  o-toxin  .sites)  and  100  fiM  PCP. 
Fluorescence  was  measvired  at  620  nm  with  excitation  at  290  and 
corrections  made  for  dilution  and  inner  filter  effects.  □ - □,  mem¬ 
branes  in  the  absence  of  o-toxin:  A - A,  membranes  in  the  presence 

of  2  mM  n-toxin  to  define  nonspecific  binding;  • - •,  buffer  only. 

H.  plot  of  specific  enhancement  of  fluorescence  as  percentage  of 
receptor  bound  versus  the  concentration  of  free  ligand.  The  inset 
represents  a  Hill  plot  of  this  data. 

lifetime  does  not  stem  from  decidium  at  the  agonist  site  or 
nonspecifically  as.sociated  with  the  receptor  molecule  but  re¬ 
flects  energy  transfer  between  FITC-toxin  bound  to  the  ago¬ 
nist  site  and  decidium  partitioned  nonspecifically  into  the 
lipid  bilayer.  If  we  assume  a  detection  limit  of  5%  transfer 
between  agonist  sites,  then  Equation  2  predicts  a  minimum 
separation  between  fluorophores  at  the  agonist  sites  of  1.63  x 
/f„,  or  49  A.  Hence,  the  greater  than  49  A  .separation  between 
the  agonist  sites  is  too  distant  to  produce  the  reduction  in 
lifetime  of  FlTC-labeled  toxin  in  the  presence  of  decidium. 
The  minimal  but  measurable  excitation  transfer  efficiency 
indicates  that  at  high  concentrations  decidium  can  partition 
into  the  membrane. 

DISCUSSION 

The  dynamics  of  the  nicotinic  AcChR  function  have  been 
extensively  studied  from  several  perspectives  (Karlin,  1980; 
.Adams,  1981;  Taylor  et  at.,  1983;  Changeux  ct  at.,  1984). 
Within  the  timescale  in  which  our  studies  are  conducted,  the 
AcChR  can  be  thought  to  exist  in  equilibrium  between  at 
least  three  types  of  states:  resting  (R),  activated  (R*),  and 
desensitized  (R')  (Scheme  1).  Additional  transient  desensi¬ 
tized  states  have  been  shown  to  exist  but  after  equilibrium 
exposure  single  desensitized  state  is  presumed  to  predomi¬ 
nate. 


RR  X - ►  LRR  X - ►  LRRL  x - -  LR*R*L 


SCMEMK  1 


log  [CARBACHOL].  (M) 


FlO.  7.  Di.splacement  titration  of  the  decidium-AcChR  com¬ 
plex  by  carbamylcholine.  Panel  .4,  decidium  (2.5  >jM)  and  PCP 
(100  nM)  were  equilibrated  with  receptor-enriched  membranes  (0.25 
fiM  in  rt-toxin  sites).  Incremental  quantities  of  carbamylcholine  were 
then  added.  Data  were  corrected  for  nonspecific  fluorescence  deter¬ 
mined  in  a  companion  titration  in  the  presence  of  excess  a-toxin. 
Panel  B,  plot  of  the  data  shown  in  panel  A  according  to  Equation  1. 
/,  hu  and  fc  represent  the  observed  fiuorescence,  fiuorescence  with 
decidium  aione,  and  fiuorescence  in  presence  of  excess  competing 
ligand  IB]  and  |C]  are  the  estimated  free  concentrations  of  decidium 
and  competing  iigand,  respectiveiy. 

Changes  in  the  population  distribution  of  receptor  mole¬ 
cules  between  these  states  govern  the  functional  and  binding 
properties  of  the  receptor.  In  the  absence  of  agonist  (L)  or 
noncompetitive  inhibitor  (A),  the  receptor  exists  predomi¬ 
nantly  in  the  activatible  stale  (RR),  exhibiting  a  compara¬ 
tively  low  agonist  affinity.  Agonists  bind  to  receptor,  activate 
the  cation  channel,  and  concomitantly  but  more  slowly  con¬ 
vert  the  receptor  to  a  desensitized  state.  'I’he  desensitized 
states  display  liigher  agonist  binding  affinity  and  no  receptor- 
mediated  cation  permeability.  The  preference  of  a  ligand  for 
binding  to  the  desensitized  receptor  is  the  driving  force  un¬ 
derlying  desensitization. 

Agents  which  perturb  receptor  functional  responses  may  do 
.so  by  competitive  or  noncompetitive  mechanisms.  Classical 
antagonists  inhibit  agonist-stimulated  cation  fluxes  by  direct 
competition  at  the  agonist-binding  sites  (Netibig  and  Cohen, 
1979),  exhibit  little  or  no  preference  for  the  R'R'  relative  to 
RR  states  and  do  not  effect  transitions  to  the  active  state 
(Sine  and  Taylor,  1981).  A  large  and  heterogeneous  class  of 
inhibitors  noncompetitively  inhibit  channel  opening  by  ago¬ 
nists.  Most,  but  not  all,  of  these  noncompetitive  inhibitors 
enhance  the  conversion  of  receptor  to  a  desensitized  state. 
Typical  of  such  agents  are  the  local  anesthetics,  general 
anesthetics,  PCP,  and  certain  toxins  such  as  histrionicotoxin. 
Certain  antagonists  competitively  inhibit  agonist  activation 
and  in  addition  convert  the  rcceiitor  to  a  desensitized  state. 
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Fig.  S.  Decidiutn  quenching  the 
fluorescence  lifetime  of  FlTC-toxin 
bound  to  the  AcChR.  Nanosecond  de¬ 
cay  curves  of  FITC-toxin  (0.6  ^iM)  were 
recorded  in  the  presence  of  AcChR  (4 
uM  in  o-toxin  sites),  decidium  (10  y.M), 
and  PCP  (100  nM).  The  timing  calibra¬ 
tion  was  0.43  ns/channel.  Dashed  lines 
represent  the  lamp  pulse.  Deviations  of 
the  experimental  data  points  from  a  sin¬ 
gle  exponential  theoretical  function 
(solid  lines)  are  shown  in  the  upper 
curves.  AcChR  is  membrane-associated 
in  panels  A  and  B  and  solubilized  with 
4%  cholate  in  panels  C  and  D.  In  panels 
B  and  D  native  n-toxin  (10  fiM)  was 
incubated  with  the  .4cChR  30  min  after 
the  addition  of  FITC-toxin  to  inhibit 
decidium  binding  to  the  agonist  sites. 
Decidium  was  added  to  the  sample  cu¬ 
vettes  just  before  initiating  the  1-h  data 
accumulation  period.  The  data  accumu¬ 
lation  interval  was  limited  to  1  h  in  order 
to  minimize  the  displacement  of  FITC- 
toxin  from  the  agonist  sites  by  decidium. 
The  apparent  decay  curves  generated 
from  samples  that  did  not  contain  FITC- 
toxin  were  subtracted  from  the  AcChR 
samples  to  correct  for  light  scatter. 
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T.tBLE  II 

Nanosecond  fluorescence  decay  (exsISO  and  cm:52Q  nm)  of  FITC- 
toxin  bound  to  the  AcChR  (membrane-enriched  and  solubilized 
at  4.0mM  in  a-toxin  sites)  in  the  presence  and  absence 
of  decidium  ( 10  M.trt 

PCP  (100  ma/)  was  present  to  block  binding  to  the  noncompetitive 
inhibitor  site  for  PCP.  In  each  case  sufficient  FITC-toxin  (0.6  pM) 
was  added  to  occupy  15%  of  the  vacant  sites.  This  decidium  concen¬ 
tration  (10  mM)  should  yield  -93%  occupancy  of  the  vacant  sites. 

Lifetimes  in  ns  ±  S.O, 

(No.  of  determinations! 


SoiuhilizcfJ 

Membrane-enriched 

FITC-toxin  -(-  AcChR 

3.9  ±  0.1  (2) 

3.8  ±  0.1  (2) 

FITC-toxin  -f  decidium  -(■ 

3,8  ±  0.1  (3) 

3,2  ±  0.2  (4) 

AcChR 

FITC-toxin  -(-  a-toxin  + 

3.8  ±  n.l  (31 

3.2  ±  0.2  (4) 

decidium  -(-  AcChR 

Classical  pharmacologic  studies  distinguish  these  agents  as 
metaphilic  antagonists  (Rang  and  Ritter,  1970a,  1970b).  Me- 
taphilic  antagonists  exhibit  higher  affinity  for  the  desensitized 
state  of  the  receptor  and  therefore  show  a  greater  capacity  to 
block  the  permeability  response  after  exposure  to  carbatuyl- 
choline.  The  actions  of  decidium  are  consistent  with  it  exhib¬ 
iting  metaphilic  properties.  Decidium  exhibits  mixed  compet¬ 
itive  and  noncompetitive  inhibition  of  agoni.®*  stimulated 
-'N'a*  infiux  (Fig.  2).  Equilibrium  exposure  of  tl.e  receptor  to 
decidium  converts  the  receptor  to  a  state  exhibiting  increased 
decidium  binding  affinity  (Fig.  1  and  Table  I).  Decidium 
binding  to  the  agonist  site  enhances  [  'H]PCr  binding  to  an 
alk.sterically  coupled  noncompetitive  site  (Fig.  4).  Decidium 
by  itself  does  not  stimulate  "‘Na"  influx  in  BC3H-1  cells,  so 
it  is  not  a  partial  agonist.  Hence,  these  results  indicate  that 
upon  occupation  of  the  agonist  sites  decidium  converts  the 
AcChR  to  a  functionally  blocked  state  toward  which  agonists 
and  noncompetitive  inhibitors  di.;play  a  higher  affinity.  In 
addition  to  its  fiinctional  antagonism  and  ability  to  convert 
the  receptor  to  a  high  affinity  state  by  occupying  the  agonist 


sites,  decidium  at  higher  concentrations  binds  directly  to  the 
PCP-binding  site  (Fig.  4). 

Fluorescence  characterization  of  decidium  bound  to  the  two 
clas.ses  of  binding  sites  indicates  significant  shifts  in  both  the 
excitation  and  emission  spectra,  which  are  consistent  with  an 
environment  of  greater  hydrophobicity  upon  binding  to  the 
AcChR.  A  red-shift  in  the  excitation  spectrum  of  far  greater 
magnitude  is  associated  with  decidium  binding  to  the  noncom¬ 
petitive  site  (~50  nm)  than  to  the  agonist  sites  (~10  nm). 
This  suggests  that  the  noncompetitive  site  for  PCP  is  more 
hydrophobic  than  the  agonist-binding  sites,  i.e.  in  a  domain 
less  susceptible  to  solvent  proton  transfer  from  the  excited 
singlet  state  (Olmstead  and  Kearns,  1977). 

In  a  previous  study  of  the  interaction  of  ethidium  with  the 
AcChR,  we  observed  that  this  phenylphenanthridium  ligand 
binds  .selectively  to  the  noncompetitive  inhibitor  site  for  PCP, 
particularly  when  the  receptor  is  in  a  desensitized  state  (K^ 
-  0.4  >xM)  (Herz  el  ai,  1987).  Like  decidium,  ethidium  disjtlays 
a  large  red-shift  in  the  excitation  (~47  nm)  and  a  blue-shift 
in  the  emission  (-35  nm)  maxima  upon  binding  to  the  non- 
vompetitive  inhibitor  site  for  PCP.  These  results  also  show 
that  a  portion  of  the  binding  domain  of  the  noncompetitive 
site  is  particularly  hydrophobic.  Furthermore,  addition  of  a 
second  quaternary  group  separated  by  10  methylene  groups 
dramatically  changes  the  relative  binding  selectivity  of  these 
phenylphenanthridium  congeners  for  the  two  respective  sites. 

Fluorescence  titrations  confirm  that  functional  antagonism 
by  low  concentrations  of  decidium  occurs  via  occupation  of 
the  agoni.st  site  and  that  decidium  binds  nonequivalently  to 
the  two  agonist  sites  on  the  receptor  oligomer,  although  the 
degree  of  nonequivalence  is  small  relative  to  antagonists  such 
as  pancuronium  or  dimethyl-d-tubocurarine.  Studies  on  re¬ 
versible  (Weiland  vt  ai.  1976;  Sine  and  Taylor,  1981;  Neubig 
and  Cohen,  1979)  and  site-directed  irreversible  antagonists 
(Damle  and  Karlin,  1978)  also  show  nonequivalence  of  the 
sites.  Despite  the  identity  in  the  sequence  of  the  o  subunits 
(N’oda  cl  of,  1982)  differential  posi-transiatinnal  glycosyla- 
tion  has  been  reported  (Ratnam  et  al..  198(5).  Thus,  either  the 
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differential  glycosylation  or  the  lack  of  identity  of  subunits 
neighboring  the  o-subunit  could  be  responsible  for  the  none¬ 
quivalence  in  binding  sites. 

To  measure  distances  between  the  two  agonist  sites  on  the 
receptor,  we  estimated  the  efficiency  of  excitation  energ\' 
transfer  between  a  slowly  reversible  «-toxin  and  a  highly 
reversible  ligand,  decidium.  We  observed  no  energy  transfer 
between  the  FITC-toxin  and  the  decidium  when  each  is  bound 
to  one  of  the  two  agonist  .sites  on  doubly  liganded  receptors. 
Previous  studies  using  a  hybrid  receptor-fluorescent-a-toxin 
complex,  where  FITC-toxin  is  on  one  of  the  subunits  and 
tetramethylrhodamine-toxin  occupies  the  other  subunit,  ex¬ 
hibit  inteTsubunit  and  interrecepfor  transfer  in  the  membrane- 
associated  receptor  and  intersubunit  transfer  in  the  solubi¬ 
lized  receptor  (.Johnson  et  ai.  1981).  Inlersubunit  excitation 
transfer  measurements  afforded  a  distance  of  67  A  (range  5.5- 
84  A)  between  the  lluorophores  conjugated  to  lysine  28  of  the 
n-toxin,  consistent  with  location  of  these  lysine  23-conjugated 
lluorophores  at  the  outer  perimeter  of  the  85-90  A  diameter 
receptor  molecule.  However,  interpretation  oi  the.se  data  was 
limited  by  uncertainty  in  the  location  of  the  tluorophore 
relative  to  the  orientation  of  bound  «-toxin  molecule.  Al¬ 
though  the  (»-carbon  of  lysine  23  is  no  more  than  19  A  away 
from  any  other  a-carbon  in  the  «-toxin,  tlie  o-toxin  molecule 
is  an  asymmetric,  peptide  (M,  =  7820)  with  dimensions  of  20 
X  30  X  40  A  (Walkinshaw  et  ai,  1980).  The  absence  of  energy 
transfer  between  lysine  23-FITC-toxin  and  decidium  in  the 
present  study  confirms  our  previous  estimate  of  the  intersite 
distance  measured  between  fluorophores  conjugated  at  lysine 
23  on  the  two_o-toxin  molecules.  With  a  critical  transfer 
distance  of  30  A  for  lluore.scein  to  decidium,  5%  transfer  of 
energy  will  occur  at  49  A.  This  vakie  is  significantly  less  than 
the  67  A  measured  between  fluorophores  for  the  two  fluores¬ 
cent  o-toxins.  If  the  agonist  sites  where  decidium  binds  are 
located  on  the  extracellular  surface  near  the  pseudo-axis  of 
symmetry,  then  energy  transfer  should  have  been  observed. 
The  absence  of  detectable  energy  transfer  confirms  our  pre¬ 
vious  suggestion  that  the  agonist  sites  reside  at  a  distance 
from  rather  than  near  the  pseudo-axis  of  symmetry  of  the 
receptor.  Our  findings  are  consistent  with  previous  sugges¬ 
tions  that  the  central  loop  of  the  o-toxin,  which  contains 
lysine  23,  overlies  the  agonist  site.  Thus,  energy  transfer 
studies  with  decidium  have  allowed  us  to  place  further  con¬ 
straints  on  the  location  of  the  agonist  sites  when  ligands  are 
associated  with  the  receptor. 

While  no  site-specific  energy-  transfer  was  detected  between 
the  decidium  and  FITC-toxin  specifically  bound  to  the  agonist 
sites,  minimal  dipolar  transfer  efficiency  (16*“  1  can  be  de¬ 
tected  between  FITC-toxin  and  decidium  assoc  iated  non.spe- 
cifically  with  the  lipid  or  the  receptor  molecule.  Decidium  has 
sufficient  hydrophobicity  to  partition  into  the  lipid  bilayer. 
Since  we  also  found  no  energy  transfer  with  the  solubilized 
receptor,  the  membrane  itself  is  the  likely  site  of  non.specific 
decidium  association.  Due  to  uncertainty  in  the  donor-accep¬ 
tor  stoichiometry,  precise  estimates  of  distance  between  the 
agonist  site  and  the  lipid  bilayer  can  not  be  obtained.  Never¬ 


theless.  our  results  suggest  proximity  of  the  agonist-binding 
sites  to  the  lipid  bilayer,  which  is  consistent  with  the  recent 
finding  the  Cys-192  and  Cys-193  are  proximal  to  both  the 
acetylcholine-binding  site  and  the  beginning  of  the  proposed 
Ml  membrane  spanning  hydrophobic  region  ille-210l  of  the 
o  subunit  (Kao  et  ai,  1984). 
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The  mechanism  of  dealkylation  (“aginf{”)  of 
branched-alkyl  organophosphonyl  conjugates  of  ace¬ 
tylcholinesterase  and  the  consequence  of  this  reaction 
on  enzyme  conformation  were  examined  by  employing 
kinetic,  equilibrium,  and  spectroscopic  techniques.  Ag¬ 
ing  of  cycloheptyl  methylphosphono-acetylcholinester- 
asc  proceeded  as  a  unimolecular  reaction  in  which  the 
enzyme  became  refractory  to  oxime  reactivation  and 
was  accelerated  with  increases  in  temperature  and 
decreases  in  pH  and  ionic  strength  of  the  medium. 
While  aging  occurred  in  a  manner  invariant  with  the 
nature  of  the  salt  in  buffers  containing  Na*.  K*,  Rb*, 
Cs*.  CP,  CHiiCOO*,  SO^“,  and  PO:,'".  the  influence  of 
ionic  strength  on  aging  was  opposite  to  that  predicted 
for  a  mechanism  requiring  charge  separation  during 
formation  of  the  po'ar  transition  state.  Examination  of 
the  equilibrium  enzyme  conformation  with  decidium, 
a  fluorescent  active  center-selective  ligand,  revealed 
marked  alterations  in  ligand  association  and  a  greater 
ionic  strength  dependence  for  binding  after  aging.  The 
explanation  for  this  behavior  focuses  on  the  high  net 
negative  surface  charge  'i  the  enzyme  and  proposes 
that  acetylcholinesterase  topography  is  governed  by 
the  strength  of  electrostatic  interactions  between 
charged,  contiguous,  mobile  protein  regions  within  the 
subunit.  .As  such,  these  studies  reveal  a  reciprocal  re¬ 
lationship  between  acetylcholinesterase  topography, 
surface  charge,  and  ionic  strength  of  the  medium. 


.Ai  etyii’hnlinesteriise  is  readily  niodil'ied  at  the  active  center 
b\  ,1  variet.\  oi  organoithosphates  and  organoiiho.sphonales 
(Krnede  and  Wilsini.  1971;  .Aldridge  and  Reiner.  19721.  Reac* 
tiiitis  uith  branclied-''hain  alk\l  esters  of  iirganophosphortis 
agents  turni  conjugates  with  .AchF^  which  undergo  a  uniino- 
lecul.ir  reaction  during  which  the  conjugate,  although  still 
lihosphonvlated.  beconies  relrai-torv  to  oxime  reactivation 
(Fleisherand  Harris.  I9li.7:  Poult  ft  a!..  19(i(i).  Fhe  propen.sity 
lor  t  his  iirocess  termed  aging  parallels  carbonium  ion  stability 
ol  the  branched  alksl  substituent  .'tnd  heiti'e  is  de.scribed  as  a 
dealkylation  through  alkyl  oxygen  bond  scission  (Poult  et  al. 

■  riii-  work  was  supported  in  part  by  t'lrants  FSdiatl.S.a  and  HR 
ul7o."i  trom  the  .Nation, a)  Institutes  ot  Health  tind  by  a  grtint  I'roni  the 
Pniied  States  ..yrniy  Hesearih  Ollice.  Research  Triangle  Ihirk.  \P. 
I'he  costs  ol  puhlii  alion  ol  this  article  were  delraved  in  part  hy  the 
[i.ayment  ol  page  citarges.  This  article  must  therelore  he  hereby 
marked  “(uU  rrti^enii  nl  "  in  accordani'e  with  IS  I  .S.P,  Section  ITttl 
solely  to  indicate  this  tact. 

'  The  abhreyiat ions  used  are:  .AchK.  acetylcholinesterase;  MR 
.AchK.  melhylphosi'hono  acetylcholineslerase.  decidnini  diiodide.  d.iS 
diainino  .7. 10'  ( I riniet hylainmoniuni Idecyl  li  phenyl  phenant hridi 
niuin  diiodide;  BisTris.  :l  lhls(2  hydroxyethyllainino|-:!  ihydroxy- 
mei  In  i  I  |iro|iane  1  ,d  diol. 
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I9R();  .Aldridge  and  Reiner.  1972;  Froede  and  Wilson.  1971 1. 

.'scheme  1  illustrates  these  reactions  lor  cycloheptyl  meth- 
ylphosphotto-acetyicholinesterase  which  is  formed  from  the 
reaction  of  cycloheptyl  methylphosphonolluoridate  with  ace- 
tylcholinestera.se.  Upon  dealkylation  this  conjugate  loses  the 
cycloheptyl  moiety  and  is  converted  to  methylphospho- 
no-acetylcholinesterase  (MF-AchE).  Although  this  reaction 
is  understood  on  the  basis  of  a  carbonium  ion  mechanism, 
there  exists  a  paucity  of  information  concerning  the  role 
placed  by  the  enzyme  in  stabilizing  carbonium  ion  formation 
and  promoting  alkyl-oxygen  bond  scission. 

To  gain  insight  into  the  mechanism  of  aging  and  its  con¬ 
sequences  on  acetylcholinesterase  conformation,  we  have  ex¬ 
amined  the  dependence  of  aging  kinetics  on  pH.  ionic 
strength,  temperature,  and  in  the  presence  of  site-specific 
cationic  ligands  known  to  alter  enzyme  conformation.  Equi¬ 
librium  binding  and  steady-state  and  time-correlated  fluores¬ 
cence  spectroscopy  are  employed  to  examine  the  resulting 
conformation  of  the  methylphosphonoi-nzyme  obtained  upon 
aging.  In  particular,  tbe  present  study  questions  whether  the 
changes  induced  upon  aging  are  confined  to  the  protein  re¬ 
gions  encompassed  within  the  active  center  or  extend  to 
regions  remote  from  the  active  center. 

.Advantage  is  taken  of  decidium  (see  .'structures!,  a  lluores- 
cent  bisquaternary  phenanthridinium  ligand  that  is  a  com¬ 
petitive  inhibitor  of  substrate  hydrolysis  and  ligand  associa¬ 
tion  at  the  active  center,  and  as  discerned  from  its  ligand 
specificity  exhibits  binding  modes  similar  to  that  of  decame- 
thonium.'  Cycloheptyl  methyliihosphonolluoridate  was  cho¬ 
sen  as  the  phosphonylating  agent  since  the  conjugate  formed 
with  acetylcholinesterase  undergoes  aging  with  a  half-life  ol 
approximately  .7  h  and  hence  is  readily  measured  under  rou¬ 
tine  laboratory  conditions  ( Henschoj)  and  Keijer.  19(i(il. 
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Decidium 

^  g" 

CH3— N^CHa  CH3— N-CH2CH3 

CH3  CH3 

Phenyltrimethylammonium  Edrophonium 

Structures  ut  liittUKis  used  in  this  study. 

electniplax  humiigeiiales  suhjected  tu  lifiht  trypsin  difjestiun  (Taylor 
i-t  ni..  UI74).  Cycloheptyl  iiiethylphosphononuoridate  was  .synthesized 
liy  reaction  ot  lycloheptanol  with  methylphosphoiKidinuoridate  ac- 
cordiiif;  to  published  procedures  1  Benschop  tind  Keijer,  lf)(>(>)  and  the 
structure  verified  hy  protott  nuclear  maf'netic  resonance  spectroscopy 
u  j  Hermati  rt  u/.,  ISKSoal. 

Cycloheptyl  tnethylphosphono-acetylcholinesterase  was  isolated 
Iroin  a  Sephadex  (i-2'i  column  I'ollowinf;  reaction  of  the  enzyme  with 
a  .'  fold  excess  of  the  orsanophosphorus  asent.  Aftinf!  was  allowed  to 
proceed  hy  incubation  of  the  conjugate  for  4  h  at  47  T.  4  h  at  25  C. 
followed  hy  extensive  dialysis  at  4  (7  F’rior  to  study  of  the  conjugate, 
a  sample  of  enzyme  was  withdrawn  and  tested  lor  compietion  of  aging 
in  the  presence  of  TMB-4  1 1  niM).  The  Iniffer  medium  was  a  tl.Ol  N 
Tris-CI  buffer.  [)H  S.d.  containing  0.1  N  NaCl  and  0.04  M  MgCI,.. 

.Acetylcholinesterase  concentrations  were  assessed  from  the  I'V 
specirtitn  at  2S0  tint  Ity  emphn  ing  the  extinction  coeflicient  of  <i»,  = 
17,.')  (Taylor  li  ni.  10741.  The  extinction  coefficient  for  methylphos- 
phono-acetvlcholinesterase  was  determined  relative  to  that  for  the 
native  enzyme  hy  comparing  its  CV  absorption  spectrum  with  the 
protein  concentration  determined  svith  (luorescamine  as  a  protein 
detection  agent  (l)ohlen  c/  ni.  10741.  .AchF  in  the  range  of  5  . 50  ng 
served  as  the  protein  standard.  The  extinction  coefficient  for  MI’- 
.AchK  was  determined  to  he  20.4  •:  1.4  and  was  15  20''i  greater  than 
t he  value  lor  .AchK. 

Decidium  diiodide  Im  p.  Kid  177  f’l  was  synlhesized  employing 
ihe  reaction  sequence  described  hy  Watkins  ( 1052)  and  Walls  ( 1047). 
Synthesis  and  characterization  of  decidium  will  he  published  else 
w  here.  (  oncentrat  ions  of  solutions  of  decidium  were  calculated  from 
the  intensity  of  its  absorption  spectrvim  at  480  nm.  1  =  (iOOO  M  '  cm  '. 

I’ropidiiim  diiodide  (Behring  Diagnostics),  gallamine  triethiodide 
iK  and  K  ( 'hemicalsl.  d-tuhociirarine  (Sigma),  rubidium  chloride 
ifiKS  Chemical  Co.),  cesium  chloride  (optical  grade;  Sigma),  and  .V- 
mel  hvlacridmiiim  (  Molecular  I’rohes.  Inc.  1  were  used  without  further 
Iiiinfication.  Kdrophonium  chloride  was  a  gift  from  Hoffmann-Ta 
Boche.  fhe  n-alkyl  I rimet h\ lammoniiim  ligands,  pre.seni  as  iodide 
(C  ,.  C, .  C  .  (\l  or  as  bromide  (C.,.  ('1. )  salts,  and  the  hisquaternary 

polymet honiiim  ligands,  present  as  bromide  salts,  were  gifts  from 
I’rotessor  David  .1.  Triggle.  School  of  I’harmacy,  State  I'niversity  of 
New  5'ork  at  Buffaloi. 

('alnl\tii'  A/cn.snri'nicnt.v  .AchK  activity  was  measured  on  a  Kadi- 
oineter  f  I'T  (iO  aiitohiirette  titrator  operated  in  the  |)H-stat  mode. 
The  reaction  vohitne  was  20  ml.  and  enzyme  activity  was  measured 
against  0.5  inM  acetylcholine  chloride  after  a  200  11)00  fold  dilution 
of  en/ytne.  The  Kllman  procedure  (F.llman  rt  ni.  lOtill  for  the 
hydroivsis  of  acetylt hiocholine  in  the  [tresence  of  5.5'-(lithiohis  (2- 
niirohenzoic  acid)  was  emitloyed  as  an  alternative  tneastire  of  acetyl- 
(  holinesterase  activity. 

Spi-ftrosnip'.  I'V  spectra  were  ohtaitted  on  Beckman  I  \’/vis  25 
and  Cars  210  spectrophotometers.  Fluorescence  titrations  were  con 
dui  (ed  on  an  .A tnittco  Bowman  Bat  10  II  sped  rolluorometer.  t  'or reeled 


excitation  tind  emission  fiioresce.ice  spectra  were  obtained  on  a 
Sl’KX  212  system. 

Time-correlated  lluorescence  lilel ime  measurements  were  obtained 
on  a  lifetime  system  In  m  I’B.A  ll.ondon.  Ontario),  '['he  excitation 
and  emission  wavelengths  for  measurement  ot  propidium  and  deci¬ 
dium  decay  rates  were  selected  with  a  monochromator  on  the  exci¬ 
tation  side  ind  sharp  cut-on  filters  1  KA'.aDl)  .Schott  I  on  the  emission 
side.  Data  were  deconvoluted  lor  the  finite  duration  ol  the  lamp  pulse 
hy  employing  the  nonlinear  regression  procedure  of  Orinvald  and 
-Steinberg  (19741.  When  more  than  one  lifetime  component  was 
present,  the  weighted  average  lifetime  was  expressed  as  lollows. 

<r>  =  ^n,r,/^(i, 

where  n  and  denote  the  amplilude  and  lifelime.  respectiiel> .  of 
component  1  1  Vguerabide.  19721. 

l>i  trrminalion  o/'.-lging  Kntr  t’iinxtnni.\  Cycloheptyl  methylphos- 
phono-acetylcholineslerase  was  obtained  hy  reaction  of  AchK  with  a 
2-fold  e.xcess  of  cycloheptyl  methylphosphonotluoridate  and  i.solated 
by  passage  through  a  Sephadex  (1-25  column.  The  progress  of  gel 
filtration  was  monitored  hy  measuring  the  absorption  of  the  protein 
at  280  nm  with  an  l.SCO  I'V  scanner.  Labeled  enzyme  appeared  in 
the  void  volume  and  was  collected  and  diluted  with  the  appropriate 
buffer  to  achieve  the  desired  pH.  ionic  strength,  and  enzyme  concen¬ 
tration.  A  typical  procedure  for  inhibition  and  isolation  required 
approximately  11)  min.  Aging  was  monitored  as  the  loss  of  capacity 
to  recover  .AchK  activity  in  the  presence  of  T.VIB-4  (1  niM).  The 
kinetic  profile  was  assessed  at  different  times  after  inhibition  by 
removing  samples  of  the  reaction  mixture  and  allowing  them  to 
incubate  in  the  presence  ol  oxime  for  approximately  12  reactivation 
half-lives  (20  h)  prior  to  measurement  of  enzyme  activity. 

('iiniprtilicc  Dis.sociation  0/  Dreidium  —  in  a  typical  competitive 
titration  the  enzyme  was  present  at  an  initial  concentration  of  4  x 
10"'  M  in  subunit  sites.  Decidium  was  present  at  concentrations 
greater  than  lb-fold  the  dissociation  constant  and  at  least  2  times 
ihe  stoichiometry  of  binding  sites.  The.se  cond'tions  obviate  consid¬ 
eration  of  the  uncomplexed  sites,  and  the  dissociation  constant  for 
nonlluorescent  ligands  can  be  obtained  from  the  following  relation¬ 
ship.  (/■'„  —  h')/{F  -  K  I  =  (K’l/A'i  )|('|,/[F].  where  F,  denotes  the  initial 
lluore.scence  intensity  when  all  sites  are  saturated  with  decidium.  F. 
the  fluorescence  when  all  sites  are  saturated  with  competitor,  and  F 
the  fluorescence  measured  in  the  presence  of  the  nonlluorescent 
competitive  ligand.  ('  and  F  represent  the  concentration  of  the  non- 
lluorescent  competitive  ligand  and  decidium,  respectively.  Logarith¬ 
mic  plots  of  (Fii  -  F/F  -  F.)  rcr.su.s  |(’|/|F]  give  a  slope  of  unity  for 
a  homogeneous  class  of  independen'  sites.  The  value  of  the  competitor 
dissociation  constant.  K,.  is  obiained  from  the  .v  intercept  and  the 
known  value  of  the  decidium  dissociation  constant,  Kf  (Berman  c( 
ai.  1981;  Taylor  and  Lappi.  1975). 

KKSt  l.TS 

Aging  of  cycloheptyl  met hylphosphono-acetylcholinester- 
a.se  was  nioniloreri  by  measuring  the  citpacity  for  reactivation 
of  the  organophosphonyl  conjugate  in  the  presence  of  TMB- 
4  ( 1  niM).  When  measured  at  25  (’,  pH  8.0,  in  buffer  contain¬ 
ing  0.1  N  Na('l  and  0.04  M  Mgf’l.,  reactivation  ol'  this  conju¬ 
gate  occurred  at  a  rate  of  0.4  h  '  and  if  initiated  within  10 
min  of  inhibition  proceeded  lo  greater  than  00' i  completion. 
'I’he  extetit  of  oxime-induced  restoration  of  enzyme  activity 
diminished  in  an  ex|)onential  manner  with  a  rate  constant  of 
0.17  ±  0,05  h  a  value  similar  to  that  obtained  by  Benschop 
and  Keijer  llOWil.  The  exponential  time  course  for  aging  ol 
cyclohe|)tyl  met hylphosphono-.AchK  w;is  consistent  with  the 
reaction  occurring  within  a  single  homogeneous  class  ol'  re¬ 
active  sites. 

Influence  0/  Innie  .Ntrciigt/i  and  pH  on  .Acinp'  Kinelus 
I  pon  transfer  ol  cycloheptyl  met  hylphosiihono-acelylcholin 
esterase  frotn  iuifters  IpH  8.01  containing  0.45  n  \a('l  to 
those  containing  0.01  N  NaCI,  rates  ol  aging  incretised  from 
O.Ofl.A  ±  0,00!)  to  0.47  ±  0.02  li  '.  respectively  (Fig.  1).  .Aging 
rates  were  dependent  on  sodium  chloride  concentration  and 
varied  8-fold  over  the  range  o|  concentrations  examinetl.  In 
the  presence  of  HbCI  and  ('sCl  (Fig.  1  I.  aging  rale  constants 
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Kli;.  1.  Dependence  of  aging  of  cycloheptyl  methylphos- 
phono-acetylcholinesterase  on  ionic  strength  of  the  medium. 

I'he  rate  constants  for  agin};  of  cycloheptyl  methylphosphono-acetyl- 
cholinesterc-se  are  plotted  against  ionic  strength  la'  i  of  the  buffer 
medium.  .•Xging  of  cycloheptyl  methylphosphono-acetylcholinester- 
ase  was  measured  in  a  tl.tU  N  Tris-Cl  buffer.  pH  b.U.  in  the  presence 
of  different  concentrations  of  .\'a(’l,  K('l,  RhCl,  or  CsCl.  The  heavy 

.''tlid  tine  (# - #1  presents  the  dependence  of  aging  rate,  on 

concentration  of  N'aCl,  and  is  compared  with  results  obtained  for 

aging  in  buffers  containing  KCl  lO - □!,  RhCl  lO-  ■  •  O),  and  CsCl 

lA — -Al,  The  data  for  NaCl  and  KCl  are  the  average  ±  S.E.  of  at 
least  four  determinations,  whereas  those  for  RhCl  and  C.sCl  are  the 
average  ±  .S.E.  of  at  least  2  determinations, 

were  within  1.2-fold  of  those  observed  in  the  presence  of 
Na(4.  In  the  presence  of  KCl  concentrations  less  than  0.1  M 
aging  rates  were  within  the  range  of  values  observed  for  the 
other  alkaline  salts;  at  concentrations  greater  than  0.1  M 
aging  occurred  approximately  2-fold  faster  than  when  meas¬ 
ured  in  the  presence  of  NaCl.  .Aging  rate  constants  determined 
in  the  presence  of  sodium  salts  of  CHiCOO"  (O.lil  ±  0.02), 
.'s()C  10.12  ±  0,04).  and  POj'“  (0.16  ±  0.02  h"')  at  an  ionic 
strengnh  of  0.1  M  were  indistinguishable  from  those  deter¬ 
mined  in  the  presence  of  Cl"  (0.16  ±  0.03  h”').  Hence,  specific 
salt  effects  were  absent,  and  aging  kinetics  were  governed  by 
ionic  strength  of  the  medium. 

Fig.  2  presents  the  relationship  between  aging  rate  con¬ 
stants  measured  over  the  range  pH  4-8  in  buffers  of  high 
(O.d'i  M  and  low  (0.05  and  0.01  N  NaCl)  ionic  strengths.  In 
all  buffers  a  decrease  in  pH  resulted  in  an  increase  in  aging 
rate.  In  the  presence  of  0.45  N  NaCl,  the  rate  versus  pH  profile 
between  the  values  pH  4.75-8.0  was  sigmoid  and  characterized 
by  a  midpoint  of  pH  6.1.  Although  the  inherent  error  at  low 
pH  allowed  for  only  poor  discrimination  between  different 
mechanisms  of  general  acid  catalysis,  the  pH  dependence  did 
not  conform  to  the  Henderson-Has.selbalch  equation  for  ion¬ 
ization  of  a  single  enzymic  group  (Fig.  2,  inset)  and,  hence,  it 
was  not  correct  to  assign  the  midpoint  value  of  this  profile  to 
a  pK',,  of  a  single  enzymic  residue. 

'file  pH-rate  profiles  obtained  for  aging  at  0.05  and  0.01  N 
.N’aCl  ionic  strength  were  shifted  approximately  0.3-0.4  pH 
unit  to  alkaline  regions.  In  low  ionic  strength  buffers  of  pH 
less  than  4.75  there  was  a  marked  deceleration  of  aging  as 
noted  also  by  Sciioene  c/  al  (1980).  Cnder  these  conditions, 
however,  the  rapid  rate  of  aging  precluded  preci.se  determi¬ 
nation  of  kinetic  rate  constants. 

Temperature  Dependence  nf  /Iging  — The  rate  of  aging  in¬ 
creased  with  increases  in  temperature  and  over  the  range  4- 
37  (’  obeyed  the  Arrhenius  equation.  From  a  plot  of  log 
versus  1/7'  for  the  data  obtained  at  4  ('  (5  ±  1  x  10  4,  15  '(’ 
(0.03  ±  (I.OI).  25  (■  (0.17  ±  (1.051,  30  (’  (0.36  ±  0.03).  and 
37  C  10.74  ±  0.21  h  ' ).  tbe  activation  energy  was  calculated 
to  be  25.6  kcal/mol,  a  value  which  was  10  kcal/mol  greater 


pH 


Fic.  2.  Dependence  of  aging  of  cycloheptyl  methylphos- 
phono-acetylcholinesterase  on  pH  and  ionic  strength  of  the 
reaction  medium.  .Aging  was  determined  in  buffers  of  different  pH 

containing  0.45  N  Nat'l  (• - •),  0.05  N  NaCl  (O - O).  and  0.01  N 

NaCl  (□- — □).  The  data  are  presented  as  the  average  ±  the  S.E. 
over  the  numbers  of  determinations  denoted  above  the  data  points. 
The  following  buffers  were  employed:  pH  4.0-5.5,  sodium  acetate 
(0.01  N);  pH  6. 0-7.0,  BisTris  (0,05  M);  pH  7.0-8.0,  Tris-Cl  (0.01  N). 
Inset,  comparison  of  the  pH-rate  date  obtained  in  buffer  of  0.45  N 
ionic  strength  with  that  calculated  for  ionization  of  a  single  group  at 
the  enzyme  surface  employing  the  equation  Ir.pp  =  /r,/(l  -I-  (K„/H*)J 
(Mahler  and  Cordes,  1971).  The  observed  aging  rate  constant,  Ir.pp. 
was  calculated  by  employing  a  value  of  6  h"'  for  k„  the  maximal  rate 
constant  observed,  and  6.1  as  an  estimate  for  pK',„  the  ionization 
constant  derived  from  the  midpoint  of  the  pH  dependence. 

than  that  reported  for  aging  of  bovine  erythrocyie  AchE  in 
pH  7.4  buffers  of  physiologic  ionic  strength  (Keijer  et  al.. 
1974). 

Influence  of  Site-specific  Cafton.s— Aging  kinetics  deter¬ 
mined  in  the  presence  of  four  classes  of  cationic  ligands  were 
independent  of  ligand  concentrations  greater  than  10-fold 
their  dissociation  constants.  In  the  presence  of  edrophonium 
and  7V-methylacridinium,  cations  specific  for  the  active  center 
(Taylor  and  Lappi,  1975;  Mooser  and  Sigman,  1974;  Ro.sen- 
berry  and  Neumann,  1977),  and  gallamine,  d-tubocurarine, 
and  propidium,  ligands  selective  for  the  peripheral  anionic 
site  (Taylor  and  Lappi,  1975;  Berman  et  al..  1981),  aging 
occurred  at  rates  that  were  within  2-fold  of  that  observed  in 
the  absence  of  ligand  (Table  I)  and  were  similar  to  effects 
reported  by  Schoene  ( 1978)  and  Crone  ( 1974).  In  the  pre.sence 
of  the  polymethonium  bisquaternary  ligands  hexamethonium 
and  decamethonium.  ligands  which  bind  in  a  mutually  exclu¬ 
sive  manner  with  cation  association  at  both  the  peripheral 
and  active  center  sites  (Berman  el  al.,  1980),  aging  occurred 
7-8.5  times  more  slowly  than  in  the  absence  of  ligands.  The 
corresponding  monoquaternary  hexyl-  and  decyltrimeth- 
ylammonium  cations,  in  contrast,  exerted  only  negligible  in¬ 
fluence  on  aging. 

Spectroscopic  Characterization  of  Decidiurn  Comple.xes  with 
.■\cetylcholinestera.se  and  Methylphosphono-acetylcholinester- 
a.se — As.sociation  of  decidiurn  with  acetylcholinesterase  and 
methylphosphono-acetylcholinestera.se  resulted  in  a  shift  of 
the  ab.sorption  spectrum  from  480  tim.  the  value  seen  in 
buffer,  to  .505  nm.  The  band  position  and  extinction  coeffi¬ 
cients  of  the  decidiurn  absorption  spectra  for  complexes  with 
AchE  and  .MB-AchK  were  identical. 

Flxcitation  spectra  of  decidiurn  complexes  with  .AchE  and 
MI’-AchE  showed  maxima  at  505  nm,  in  agreement  with  the 
absorption  spectra.  The  emission  maxima  of  the  complexes 
were  blue-shifted  to  61 0  nm  from  t  he  value  ol  645  nin  observed 
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for  the  ligand  in  buffer.  Although  the  position  and  Itandwidth 
were  identical,  the  integrated  quantum  yield  of  the  native 
complex  was  approximately  5()'  (  greater  than  that  of  the  aged 
complex.  The  ratio  of  the  fluorescence  lifetime  of  the  complex 
with  AchE  (11  nsl  and  that  with  the  aged  conjugate  (6  ns) 
were  in  excellent  agreement  with  the  ratio  of  the  steady-state 
quantum  yields,  thereby  indicating  the  absence  of  any  static 
quenching  (Yguerabide.  19721. 

Association  of  propidium  with  AchE  and  MF-AchE  resulted 
in  a  blue-shift  of  the  fluorescence  maxima  to  (i.'lO  nm  from 
the  value  of  662  nm  observed  for  the  ligand  free  in  buffer.  In 
contrast  to  the  case  for  decidium,  the  positions,  bandshapes. 
and  integrated  intensities  of  the  propidium  emission  spectra 
of  the  native  and  aged  imoteins  were  equivalent. 

T.^bi.k  I 

The  inllucncc  uf  cathinic  iii;ands  on  afiinf!  kinetics  of  eyctoheplyt 
methylphosphono-acetylehotinesterase 
Reaction  kinetics  were  determined  at  2.7  "C.  in  a  0.01  N  Tris-CI 
liuffer,  pH  S.O.  containing  0.1  N  NaCl  and  0.04  M  MgC'f..  In  a  typical 
determinaton,  AchE  was  pre.sent  at  concentrations  of  1-6  x  10'*  M 
in  siiluinit  s’'es.  Ligands  were  present  at  concentrations  at  least  10- 
fold  their  dis.-wciation  constants  (Taylor  and  Lappi,  197.7;  Herman  el 
al .  1981:  or  as  determined  in  this  study.  Table  111.  Values  reported 
represent  the  average  ±  S.E.  of  at  least  two  determinations. 


Ligand 

k 

h  '  X  10' 

Contriil/ligand 

Control 

17  ±  .7 

1 

Edrophonium 

11+2 

1.7 

, V-Methylacridinium 

7.4  +  0.1 

2.6 

Ciallamine 

(5.4  ±  0.6 

2.6 

d-Tuhocurarine 

7.7  ±  0.2 

2.2 

Decamethonium 

2.4  ±  ().:( 

7.1 

Hexamethonium 

2.0  ±  0.7 

8.7 

Decyltrimethylammonium 

11  + :) 

1.7 

Hexyltrimethylammonium 

17  +  4 

1 

Assoiiatloii  of  Decidium  and  I'rnpidium  intii  Aeelyhhohn- 
cslcrasc  and  Mcthylphosphoiio-tu  I'lyh  holinestcrase  .Associa¬ 
tion  of  decidium  with  AchE  and  Ml’  .AchE  was  monitored  by 
enhancement  of  the  ligand  lluorcscetice  tit  61(1  nm  upon 
excitation  at  .7117)  nm.  The  equilibrium  titration  protlle  ob¬ 
tained  for  as.sociation  of  decidium  with  .MI’-.AchE  wits  stitur 
able  and  compatible  with  a  stoichiometry  ot due  ligand  bound 
per  80,0()()-dalton  subunit.  From  a  Scatchttrd  plot  ot  these 
data  a  dissociation  constant  was  calctilated  to  be  1.4  ±  ()..7  x 
10  "  M  and  was  comparable  with  the  \  a!ue  found  lor  decidium 
association  with  AchE  iKj,  =  2.1  ±  0.2  x  10  '  Ml.  The 
affinities  of  propidium  for  AchFl  and  MF-.AchE  (Table  II) 
were  within  2-fold  of  each  other. 

Compctiticc  Dissociation  of  Hound  Decidium  The  relation¬ 
ship  between  di.ssociation  constant  and  chain  length  of  bis- 
quaternary  polymethonium  ligands  containing  6  10  methyl¬ 
ene  groups  interposed  between  the  cationic  termini  and  n- 
alkyl  monoquaternary  trimethylammonium  ligands  contain¬ 
ing  .7-12  methylene  groups  is  presented  in  Figs.  6  and  4. 
respectively.  Affinity  of  each  enzyme  form  for  bisquaternary 
ligands  increased  with  increasing  chain  length,  while  a  more 
complex  relationship  was  observed  for  the  monoquaternary 
ligands.  The  insets  in  Figs.  2  and  4  pre.sent  the  relative  changes 
in  affinity  of  the  bisquaternary  and  n-alkyl  monoquaternary 
ligands  for  methylphosphono-acetylcholinesterase  with  re- 
.spect  to  acetylcholinesterase.  For  bisquaternary  ligands  the 
relative  affinities  were  l-4-(old  higher  with  MF-AchE  than 
with  AchE  and  increased  with  increasing  ligand  chain  length 
(Fig.  3).  For  monoquaternary  ligands  the  relative  affinities 
were  I-4-fold  higher  with  MP-AchE  than  with  AchE  and 
increased  with  decreasing  ligand  chain  length  (Fig.  4). 

Dissociation  constants  obtained  for  active  center  selective 
ligands  are  reported  in  Table  II.  .V-Methylacridinium  exhib¬ 
ited  equivalent  affinity  for  MF-AchE  and  AchE:  the  values 
obtained  were  independent  of  whether  association  of  the 
ligand  was  determined  directly  through  measurement  of  its 
fluorescence  or  indirectly  through  its  capacity  to  dis.sociate 


Table  II 

Dissociation  constants  determined  (or  cationic  tigands  with  notice  and  melhytphosphonyl  forms  of 

acetylchotineslerase 

The  dissociation  constants  for  propidium  and  decidium  were  determined  from  direct  measurement  of  their 
tluore.icence  at  (510  nm  upon  excitation  at  .76.7  nm.  The  values  for  the  other  ligands  were  determined  from  their 
rapacity  to  di.s.sociate  either  decidium  (.4)  or  propidium  (H),  employing  the  appropriate  dissociation  constant. 

Ki, 

I .igand  Ki,i .\chK I ' K,,!  Ml'  .AchK I 


AfhK 

MP  AchK 

if-Ml'  .AchK 

High  ionic  strength" 

M 

Decidium 

2.1  ±  0.2  X  Hr" 

1.4  ±  0.7  X  10  " 

2.4  ±  0.7  X  10  ' 

1.7 

Propidium 

6  X  lO''"" 

2  ±  1  X  10  * 

7.2  ±  O.fi  X  10  " 

1.7 

Edrophonium 

2.0  ±  0.1  X  ur- 

2.(5  ±  1.1  X  lO  '- 

7.9  ±  0.4  X  10  ' 

0.01 

Phenyltrimethylammonium 

1.(5  ±0.1  X  10 

7.9  ±  0.7  X  10  '■ 

0.2 

.V-.VIethvlacridinium 

7.6  ±  2.9  X  1()-" 

(5.9  ±  0.8  X  10  " 

1.1 

1.2  ±  0.7  X  Hr  - ■ 

(5.7  ±  1.1  X  10- " 

1.8 

Decamethonium 

1.2  ±  0.1  X  10  * 

6.4  +  0.7  X  KI  ¬ 

7.1  ±  0.4  X  10  ' 

6.7 

Low  ionic  strength"' 

Propidium 

1  X  10 

LO  +  0.7  X  10  * 

(5 

Ciallamine 

0.7  ±  0.6  X  10  ■  • 

1  +  0.4  X  lO  " 

7 

Hexamethonium 

7.:)  ±  1.9  X  lO  * 

6.2  +  0.4  X  10  ' 

1(5 

Octamethonium 

1.6  ±  0.6  X  1(1* 

6.0  +  0.1  X  10  “ 

It 

Decamethonium 

2.:!  ±  0.7  X  lO"  ■ 

6.0  ±  0.7  X  10  '■ 

7(5 

"  The  titrations  were  carried  out  in  a  0.01  N  Tris-('l  buffer.  pH  8.0,  containing  0.1  N  NaCl  and  0.04  M  MgCl,:.  try 
measuring  the  rapacity  of  the  nonfluorescent  ligands  to  dissociate  decidium. 

*  Values  taken  from  Taylor  and  Lappi  (197.7). 

'  Derived  from  direct  measurement  of  iV-methylarridinium  lliiorescence  at  490  nm  upon  excitation  at  6(50  nm. 
'The  titrations  were  carried  out  in  a  0.001  N  Tris-CI  buffer.  pH  8.0,  by  measuring  the  capacity  of  the 
nontluiirescent  ligands  to  dissociate  propidium. 

'  Taken  from  Herman  el  al.  ( 1981 1. 
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Ki(.  !  Kelationship  bet  ween  chain  length  of  bisquaternar> 
polyniethonium  li»;ands  and  affinity  with  acetylcholinesterase 
and  methylphosphono-acetylcholinesterase.  Dissociation  con- 
staiUs  were  estiaiated  troni  the  lii;and  capacity  to  dissociate  com¬ 
plexes  III  decidaiin  aad  AchK  - >  d  and  Ml’  AchF.  I# - •).  The 

reaction  inediiim  was  a  H.PI  N  I'ris Cl  butler.  pH  H.t).  at  2a  ('. 
containii.i;  n.l  N  NaCl  and  11.114  M  Mi;('l_.  /riset.  relationship  between 
the  relatne  increase  in  ligand  alTinity  and  chain  lenirth. 


^  ' 


•  '  .S  o 

\ 


Fit.  I  Relationship  between  chain  length  of  ri-alkyl  Iri- 
methylammonium  ligands  and  affinity  with  acetylcholines¬ 
terase  and  methylphosphono-ac'.lylcholinesterase.  Dissm  ia 
t  ion  I  oust  ant  s  were  est  i  mated  Iroin  i  be  liitatid  capai  it>  to  dis.sociate 

complexes  ot  decidium  witti  .AchK  (  - -  1  and  .Ml’  .AchK  I# - 

•  i.  The  reaction  mediutii  was  a  nnl  \  I  ris  Cl  biiHer.  pH  .S.ll.  at 
J-'i  C.  conlaitiini;  n  1  N  NaCl  .teal  it.nl  M  McCl  relationship 

between  the  relatixe  ini  reasc  in  liitand  altniitv  and  i  haoi  ienipb. 

(leciditiiit.  I’henylt  riinet  hylaiiiinnninni  and  edniphiinitini  ex 
liibtted  n  and  Idil  Inld  Inwer  aOinities  tor  the  awed  eti/ynie 
relalixe  to  the  iiatixf  eti/ytne.  respect i\el\. 

Allliiitieh  the  dissiiciatinii  constants  ohserxed  lor  the  n- 
alk>  1  tnotio-  and  his(|tiatertiitr>  ligatids  as  est  itnated  trom  t  heir 
capacities  to  dissoci.ate  deciditttn  were  smaller  thtin  the  inhi 
hit  ion  constatits  oliserxfd  h\  Helleati  iHelleati  rl  al. 
Hellean  atid  Di  l'tillio,  HtTdl  atid  Herp’tntmn  and  Seeal  (10'>.() 
iti  early  st  tidies  wit  h  hoyine  er>  t  hrocyte  eti/ynie.  t  he  relttl  ion 
sht|)s  hetweeti  K;,.  K,.  atid  chain  length  were  in  (jiialitat iye 
agreement.  It  is  noteuorthv  that  the  valties  ol  the  di.s.srx’iation 
constants  determined  lor  decamethonitim  and  eiirophonitim 
with  .AchK  were  < oinpiit ilile  vviih  their  capacities  to  inhihit 
hydroKsis  ot  Cationic  snhstrates  (Mooser  ttnd  Sigman.  IttT-l; 
I'aylor  ;ind  laip|)i,  lllT.'il. 


AchE 


I  II 

ScitPMF  2 

InftiH'tHC  <//  Idnic  Strength  an  l.if:and  A/firiit\  The  intlu- 
enee  of  ionic  strength  on  ligtmd  affinity  tor  .AchK  and  MP- 
AchK  was  examined  in  a  low  ionic  strength  (ii.lKH  N)  Tris-CI 
buffer,  pH  S.l).  in  the  absence  of  salt  l  Table  IIHl.  Propidinm 
ttnd  gallaniine  exhibited  li  7-fold  higher  iiftmities  lor  the  aged 
relative  to  the  native  enzyme,  .As  estimated  from  their  eapac- 
ities  to  dissociate  propidinm  complexes  in  a  low  ionic  strength 
buffer,  hexamethonium.  octamethoniiim.  and  dectimethonium 
showed,  respectively.  Hi-.  -14-.  and  Tti-fold  greater  affinities 
for  MP-.AchK  relative  to  .AchK. 

As.-idfiation  o/  Cntianir  Ligands  uiili  I’scudn-nirthylphiis- 
phoiui  airtylchnlincstiTcise  -The  inlliience  of  a  negative 
charge  within  the  serine  containing  region  of  the  active  center 
was  examined  liy  measuring  ligand  association  with  a  [thos- 
phonylated  form  of  the  enzyme  that  arises  without  enzymic 
aging  (Scheme  2).  Methvlpho.sphonodinuoridate  inhibits 
AchK  to  form  nuoromethv Iphosphono-AchK  l/l  which  upon 
reaction  with  H  O  decomposes  to  form  a  conjugate,  designated 
'I'-MP-.AchK  (//I.  that  is  isoelectric  with  the  aged  conjugate. 
Decidium,  propidium,  edrophonium,  and  decamethonium  ex¬ 
hibited  affinities  for  'J'-MP-,AchK  that  were  within  ’J-fold  of 
those  found  for  MP-.AchK  iTable  III. 

DISCI  .SSION 

Carbanium  Inn  Mechanism  o/. Aging— The  rates  of  aging  of 
hranehed-itlkyl  organophosphonyl  conjugates  of  acetylcholin¬ 
esterase  are  known  to  parallel  cariionium  ion  stability  and 
support  a  mechanism  in  which  the  rate-limiting  step  is  alkyl- 
oxygen  bond  scission  Ic/.  Scheme  1;  Benschop  and  Keijer, 
l!)6(i;  Smith  and  I  sdin.  1966),  The  salient  features  of  a 
carhonium  mechanism  are  the  i /lorgc  scparatiiin  developed 
during  the  transition  sttite  and  the  role  played  by  chari’c 
dcl<ieali:alii'n  in  accelerating  bond  scission.  .As  discussed  by 
Warshei  (19811.  electrostatic  stabilization  of  the  incipient 
carhonium  ion  formed  during  lysozyme  hydrolysis  of  polysac¬ 
charides  facilitates  formation  ol’  the  itolar  transition  state  by 
approximately  6-8  kcal./mol  relative  to  the  corresponding 
hydrolysis  in  water.  The  activation  energv'  ol  25.6  kcal/mol 
found  for  dealkylation  of  cycloheptv  1  methylphosphono  acet¬ 
ylcholinesterase  IS  comparable  with  those  values  (K,  '  20-25 
kcal,''inol)  found  for  solvolysis  ol  the  corresponding  cycloalkyl 
and  benzyl  tosylates  (Roberts  and  ('hamhers,  1951;  Fang  cl 
al .  19.A8;  Kochi  and  Hammond.  Benschop  and  Keijer, 

I96(il.  tnerehy  indicating  that  apposition  of  the  phosphonyl 
ester  moiety  with  the  active  center  confers  no  apparent  re¬ 
duction  in  the  activation  harrier  for  dealkylation. 

The  ionic  strength  dependence  observed  for  aging  of  cyclo- 
hei'tyl  met hylphosphono-acetylcholinesterase  (Kig.  II  is  op- 
/lo.xiVc  to  that  predicted  for  a  mechanism  requiring  substantial 
charge  delocalization  during  the  transition  state  (Moore  and 
Pearson,  I981;  Bender  cl  al..  I98f).  The  modest  shift  of 
approxinmlely  (1. 6  0.4  i)F-l  unit  in  the  aging  rate  versus  pH 
proble  (Kig.  2l  is  lar  smaller  than  the  displacement  of  l.(i  pH 
units  observed  u|)on  transter  of  .AchK  from  buffers  of  high 
(O.l  N)  to  low  (0.0(16  N  NaC’ll  ionic  strength  iHoter  r(  nl.. 
198-1;  see  also  Douzou  and  Maurel,  1977:  \'oe(  cl  al  .  1981). 
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Hence,  the  oh.served  dependence  of  ajjing  on  ionic  strenf4th  is 
nox  compatible  with  a  direct  influence  of  ionic  strenfjth  on 
polarization  of  the  scissile  bond  and  implicates  a  mechanism 
mediated  through  an  indirect  influence  on  enzyme  conf'or- 
ntation. 

'I'he  synergistic  inhibition  of  aging  seen  in  the  presence  of 
hexa-  and  decamethonium  but  not  ligands  selective  for  the 
active  center  and  peripheral  anionic  sites  (Table  II  indicates 
that  the  restrictions  on  bond  scission  reflect  a  characteristic 
binding  mode  of  the  bisquaternary  polymethonium  ligands. 
The  active  center  and  peripheral  anionic  sites  are  topograph¬ 
ically  distinct  loci  separated  by  more  than  if.a  A  (Herman  et 
ai.  19S0I  and  appear  to  be  associated  with  highly  mobile 
protein  segments  (Herman  et  ai.  198.1bl.  .'since  bisquaternary 
liolymethonium  ligands  bind  in  a  mutually  exclusive  manner 
with  ligand  occupation  of  these  sites,  the  reduced  rates  of 
alkyl-oxygen  cleavage  can  arise  from  a  restriction  in  the 
motional  freedom  impo.sed  b>  cross-linking  the  corre.sponding 
protein  segments. 

Electrostatic  Relationships  on  the  Acetylcholineslcra.se  Sur¬ 
face — Since  ligand  association  with  'I'-MI’-AchK  is  identical 
with  that  of  MP-.AchE.  aging-induced  alterations  in  ligand 
association  can  be  attributed  to  the  presence  of  a  negative 
charge  in  the  esteratic  region  of  the  active  center  irrespective 
of  the  mechanism  of  charge  formation.  By  employing  a  simple 
model  of  single  point  charges  immersed  in  a  continuous  me¬ 
dium  of  dielectric  constant  *.  the  free  energy'  (Aft)  governing 
interaction  of  oppositely  charged  species  of  Z*  and  Z-  val¬ 
ences.  carrying  c*  and  e'  units  of  charge,  can  he  estimated 
from  the  equation  describing  Bjerrum  ion  association  theory. 
A(t  =  Z./.  e'e  /at.  where  a  is  the  interionic  distance  (Moore 
and  Pearson.  19811.  If  the  active  center  is  considered  to 
contain  —8  units  of  charge  ( Nolte  et  ai.  1980),  then  formation 
of  an  additional  unit  of  negative  charge  upon  dealkylation 
would  favor  ligand  association  by  a  ratio  of  7/8.  leading  to  a 
predicted  8-fold  enhancement  in  ligand  affinity.  Although 
only  a  crude  approximation  the  predicted  8-fold  enhancement 
in  ligand  affinity  for  MP-.AchE  is  not  incompatible  with  some 
of  the  results  observed  for  the  structurally  different  cla.sses  of 
ligand  (Table  II,  Figs.  8  and  4). 

Topoitraphic  Relationships  on  the  .■\cetylchi}linestera.se  Sur¬ 
face  -A  proposal  based  solely  on  the  strength  of  electrostatic 
interaction  between  a  ligand  and  a  distinct  site,  however,  does 
not  afford  an  adequate  explanation  for  the  dramatic  reduction 
in  edrophonium  affinity  following  aging  of  the  enzyme.  The 
.Ai  hE  complex  with  the  hydroxyl-containing  edrophonium  but 
not  phenyltrimethylammonium  gains  stability  through  hydro¬ 
gen  bonding  with  an  acceptor  residue  within  the  active  center 
(Changeux.  1988).  The  18()-fold  reduction  in  edrophonium 
aff  inity  after  aging  of  acetylcholinesterase,  representing  a  2.8 
kcal/mol  reduction  in  binding  energy,  falls  within  the  range 
estimated  for  the  hydrogen  bond  contribution  to  complex 
stabilization  between  ligand  and  protein  (Fersht  et  ai.  1985) 
and.  compared  with  the  modest  5-fold  reduction  in  phenyltri- 
methylanimonium  affinity  and  the  near  equivalence  in  affin¬ 
ity  ol  these  structurally  related  ligands  after  enzyme  aging,  is 
not  incomitalible  with  loss  of  a  hydrogen  bond  contribution 
to  complex  stabilization. 

\'or  does  such  a  proposal  account  for  the  increasing  stabi¬ 
lization  of  complex  formation  with  MP-.AchE  relative  to  .AchE 
with  increasini:  i  hain  length  of  bisquaternary  ligands  (Fig.  8) 
and  decreasiriit  chain  length  of  monoquaternary  ligands  (F'ig. 
4).  .Sinc.“  the  chain  length  dependences  arise  [triniarily  from 
changes  in  entropy  refiecting  corresponding  changes  in  the 
water-alkane  and  water  protein  interactions,  the  higher  li¬ 
gand  affinities  of  the  mono  and  bisiptaternary  ligands  for 


-MP-.AchE  appear  lo  signily  the  higher  degree  of  solvation  of 
the  n-alkyl-binding  crevice  on  the  aged  conjugate  relative  to 
the  native  enzyme  tcf.  Helleau  and  IfiTiillio,  197():  Holgerand 
Taylor.  1979). 

F'inally.  compari.son  of  the  data  in  Table  II  and  Fig.  8 
reveals  that  transfer  of  methyl|)hosi)hono-acetylcholinester- 
ase  from  buffers  of  high  to  low  ionic  strength  results  in  88-. 
82-.  and  1 18-fold  increases  in  enzyme  aff  inity  for  hexa-,  octa-, 
and  decamethonium.  respectively.  Similar  transfer  of  acetyl¬ 
cholinesterase  results  in  only  1  5-lold  increases  in  affinity  for 
bisquaternary  ligands.  Hence,  ligand  association  with  the  aged 
conjugate  exhibits  a  markedly  greater  sensitivity  than  with 
the  native  enzyme  to  changes  in  ionic  strength  ot  the  medium. 

Electrostatic  Control  of  .Acetylchijlineslcrase  'I'opocraphy  - 
One  explanation  for  this  kinetic  and  equilibrium  behavior 
proposes  that  the  spatial  relationship  between  distinct  sites 
on  the  AchE  subunit  is  highly  variable  and  by  virtue  of  the 
enzyme's  high  net  negative  charge  is  governed  by  mutual 
repulsive  interactions  between  contiguous  like-charged  pro¬ 
tein  segments  (Fig.  5).  In  this  view,  roulomhic  repulsion 
between  the  negatively  charged  methylphosphono-serine  res¬ 
idue  and  the  anionic  subsite  results  in  expansion  of  the  active 
center  beyond  the  equilibrium  dimensions  characteristic  of 
the  native  enzyme,  leading  to  increased  solvation  of  the  en¬ 
zyme  surface.  If  we  consider  these  two  sites  as  point  charges 
separated  by  a  minimal  distance  of  4.7  .A  (Froede  and  Wilson. 
1971)  and  immersed  in  a  high  dielectric  medium  such  as 
water,  then  the  electrostatic  interaction  energy  driving  any 
such  protein  deformation  is  calculated  to  he  approximately 
0.8  kcal/mol.  Although  the  distance  separating  these  sites 
likely  is  greater  than  4.7  A.  the  electrostatic  interaction  energy 


Kiu.  ,8.  Proposal  describing  electrostatic  relationships  be¬ 
tween  active  center  and  peripheral  anionic  site  on  the  acetyl¬ 
cholinesterase  subunit.  The  upper  and  luuer  cieus  illustrate,  re- 
speciively.  the  equilibrium  spatial  relationship  between  the  peripheral 
anionic  site  and  the  active  center  prior  to  and  following  swelling  of 
the  active  center  after  aging.  Distortion  ol  the  protein  region  encom¬ 
passing  the  active  center  through  ('oulombic  re|)ulsion  between  the 
net  negative  methylphosphonosenne  residue  and  the  anionic  subsite 
relieves  electrostatic  destabilization  and.  in  turn,  alters  enzvtne  to¬ 
pography  and  protein  solvation 
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lor  protein  detorniation  is  predicted  to  be  aniplil'ied  by  the 
presence  ol  more  tban  1,  and  likely  at  least  l>.  elfective 
nef,'ati\e  charges  estimated  to  exist  within  the  active  center 
iNolte  cf  o/.,  UlSOI.  as  well  as  an  active  center  dielectric 
constant  lower  than  that  ol  the  aqueous  medium  (Merman 
and  Taylor,  1978;  .Amitai  c/  ai.  19821.  This  proposal  I'ormally 
resembles  the  mechanism  proposed  lor  enerto'  storage  throup'h 
charge  separation  in  bacteriorhodopsin  iHonig  cf  ai,  1979) 
and  is  reminiscent  of  the  expansion  or  unfolding  of  proteins 
that  occurs  after  chemical  modification  of  the  [trotein  surlace 
charge  I  Habeeb  cf  ai.  1958;  \'alenzuela  and  Bender.  1971; 
.Spomer  and  VS’ootton,  1971). 

Such  a  [troixisal  [trovides  a  physical  basis  for  the  ionic 
strengtb  dependence  of  dealkyhit  ion.  Kxpansion  or  swelling 
of  the  net  negative  active  center  ujjon  transfer  of  the  enzyme 
from  buffers  of  high  to  lotc  ionic  slreiijph  I'acilitaies  access  of 
the  bulk  aqueous  medium  to  the  scissile  bond,  thereby  pro¬ 
moting  charge  delocalization  and  faster  rates  of  bond  scission. 
On  the  basis  of  this  mechanism,  steric  orientation  of  the 
scissile  bond  within  the  active  center  is  concluded  to  i)lay  a 
role  of  little  importance  in  governing  the  capacity  for  aging. 
'I'he  com[)aratively  high  activation  energy  for  bond  scission 
su[>ports  this  conclusion,  as  do  re[)orts  that  aging  of  diaster- 
.  imeric  conjugates  formed  from  reaction  of  acetylcholinester¬ 
ase  with  2-methyl-ti-heptyl-  and  pinocolyl  methylphos|)ho- 
nates  are  invariant  with  chirtil  orientation  about  the  etiimeric 
o-i'arbon  of  the  scissile  alkyl-oxvgen  bond  (Keiier  and  Wolr- 
ing,  19(19;  de  -long  attd  W'olring.  1984).  U  bile  we  have  no 
unetiuivocal  explaiiittion  for  nonconformity  ol  the  t>H  de¬ 
pendence  with  the  Henderson-Hasselbalch  equtition.  the  data 
seem  to  suggest  the  occurrence  of  more  than  a  single  ioniza¬ 
tion  and,  as  such,  afford  tut  insufficient  basis  for  identifying 
a  distinct  ,-miino  acid  residue  responsible  for  proton  transfer 
to  the  scissile  alkyl-ox\gen  bond.  Hence,  the  active  center 
aiqiears  to  merely  iHovide  a  reaction  cage,  the  physical  char- 
ai'teristics  ol  Which,  microscopic  pH  and  dielectric  constant, 
govern  the  kinetics  lor  bond  scission. 

.8'pci7roM'o/)(c  .Analysis  nf  .\ficd  and  .\'ativc  Acctylcholinc.s- 
Icra.^c  The  s|)ect  roscopic  sttidies  of  decidium  complexes  sup¬ 
port  these  conclusions.  One  mechanism  governing  (iuantuni 
\  ields  and  liletimes  of  (ihenant hridinium  ligtinds  focuses  on 
the  (lit fusion -limited  cajiacity  for  excited-st.ite  proton  transfer 
lOlmstead  and  Kearns.  1977).  Ain  (actor  which  serves  to 
reduce  the  rates  ol  jiroton  transfer,  such  as  occlusion  of  the 
ligand  Irom  contait  with  the  bulk  [irotic  medium,  serves  to 
enhaine  the  i|uantum  efficiency  and  (luoresi-ence  lifetime. 
Since  decidium  associates  with  the  t rimet hylammonium 
moieti  anchored  within  the  acti\e  center  and  the  phentin- 
ihridmium  moiety  extended  toward  the  peripheral  anionic 
site,  the  refiuction  in  decidium  (juantum  yield  and  lifetime 
indicates  that  the  |)henanthridiniuni  binding  eiivironment  on 
Ml’  .AchK  experiences  greater  accessibility  to  tbe  bulk 
a(|ueous  medium  than  on  the  native  enzyme.  The  comparable 
lliiorescence  litetimes  ol  the  pro|)idium  com[)iex  with  AchK 
and  Mi’  .-XchK  mdiiate  that  the  peripheral  anionic  site  ex- 
hibils  near  equivalence  on  both  enzyme  forms.  The  capacity 
ot  the  acetylcholinesterase  subunit  to  undergo  facile  defor¬ 
mations  in  topographv  without  I'oncomitant  alterations  in 
ph\sicall\  remote  sites  and  the  reciprocal  relationship  be¬ 


tween  enzyme  topograiihv.  net  surlace  charge,  and  ionic 
strength  ol  the  medium  imiilicates  the  |)resenie  ol  separate 
mobile  domains  (c/,  Herman  ct  ai.  198.')bl  and  a  iirominent 
role  for  electrostatic  control  of  acelykholinesterase  confor¬ 
mation. 


.■Ulaiiiulrd^nwnts  W'e  wi-h  In  lhank  Dan  Knsinan  lor  helpful 
<li.scussio(is  ami  crilica)  comments  of  lias  mamiscnpl.  I).  -I.  'I'riggle 
fur  gifts  of  the  mono-  and  hisquaternars  ligands,  and  -lames  .-Man 
Stamos  for  providing  the  artwork,  his  good  ads  ice.  and  generous 
consideration. 
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Abstract 

The  rostral  ventral  surface  of  medulla  oblongata  (RVMO)  has  been  shown  to 
constitute  a  selective  target  for  organophosphate  (op)  cholinesterase  inhibitors.  The 
action  of  soman  (S)  as  compared  with  (7-nilrobenz-2-oxa-l,3  diazole)aminopentyl 
methylphosphonofluoridate  (NBD-AP-MPF),  a  fluorescent  organophosphate  has 
now  been  examined  in  anaesthetized  cats  pretrealed  with  atropine  sulphate.  Blood 
pressure  (BP),  electrocardiogram  (ECG)  and  respiration  (R)  were  recorded.  In  some 
animals  a  cannula  was  implanted  into  the  riglu  lateral  ventricle.  Chemicals  were 
bilaterally  applied  on  RVMO  by  means  of  a  perspex  cannula  and  removed  after  5 
min.  The  application  of  2.5  ng  S  or  60  /ig  NBD-AP-MPF  elicited  severe  fall  of  BP 
which  recovered  only  after  2  h  in  the  case  of  the  former  and  up  to  45  min  in  the 
latter.  Smaller  doses  produced  corresponding  responses  of  lesser  magnitude.  Accom¬ 
panying  R  changes  consisted  in  most  cases  of  increased  rate  and  reduced  amplitude 
whereas  in  others  the  opposite  or  mixed  alterations  occurred.  Frequently,  sigh-like 
movements  intermingled  at  periodic  intervals  with  regular  R  deflections.  The  sighs 
were  interpreted  as  aiming  to  correct  blood  gases  balance.  After  application  of 
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atropine  on  RVMO — but  not  by  systemic  administration — BP  and  R  were  restored 
whereas  single  repeated  i.v.  injection  of  1  /xg/kg  noradrenaline  produced  only 
transient  reversals  without  influencing  the  course  of  long  lasting  vasodepression.  In 
contrast,  the  intraventricular  administration  of  250-500  fig  yohimbine  considerably 
reduced  both  the  magnitude  and  extent  of  the  vasodepression  elicited  by  topically 
applied  organophosphates.  It  is  postulated  that  central  Oj-adrenoceptors  in  contrast 
to  vascular  sites  are  likely  involved  in  the  op-induced  vasodepression.  The  present 
work  provides  an  indication  that  effective  antagonists  might  be  developed  consider¬ 
ing  blockade  of  these  receptors. 


Introduction 

The  rostral  ventral  medulla  oblongata  (RVMO)  has  been  shown  to  constitute  a 
selective  target  site  for  cholinomimetic  drugs  [9]  particularly  organophosphate 
inhibitors  of  cholinesterases  and  their  antagonists  [7,8].  For  instance,  minute  amounts 
of  these  toxicants  applied  on  rostral  ventromedullary  sites — corresponding  to  the  so 
called  chemosensitive  areas  [18,23] — elicited  prolonged  vasodepression  and  respira¬ 
tory  disturbances.  These  centrally,  in  contrast  to  peripherally,  elicited  disturbances 
remained  conspicuously  resistant  to  systemic  administration  of  cholinolytics  and 
cholinesterase  reactivators.  Contrastingly,  when  these  antagonists  were  topically 
applied  on  the  ventromedullary  sites,  disturbances  were  not  only  reversed  but  the 
experimental  animals  could  tolerate  even  continued  infusion  of  large  amounts  of 
anticholinesterase  without  detrimental  effects  on  blood  pressure  or  respiration  [7]. 

The  purpose  of  the  present  work  was  to  examine  the  central  action  of  soman  as 
compared  with  (7-nitrobenz-2-oxa-l,3  diazole)aminopentyl  methylphosphonofluo- 
ridate  (NBD-AP-MPF),  a  recently  synthetized  [1]  fluorescent  organophosphate.  In 
addition,  the  hypothesis  of  possible  involvement  of  central  a2-adrenoceptors  in  the 
long  lasting  vasodepression  elicited  by  the  organophosphates  was  considered. 


Materials  and  Methods 

Cats  of  both  sexes  (2500-3990  kg  b.w.)  anaesthetized  with  25  mg/kg  sodium 
pentobarbitone  i.v.  were  used.  Additional  doses  (5  mg/kg)  of  the  anaesthetic  were 
administered  throughout  the  experiments  in  order  to  secure  adequate  surgical 
anaesthesia.  This  was  ascertained  by  periodically  checking  absence  of  pedal  reflex. 
Blood  pressure  (BP,  pulsatile  or  mean)  was  recorded  from  left  femoral  artery  by 
means  of  a  pressure  transducer;  electrocardiogram  (F.CG,  lead  II)  was  also  recorded. 
To  perform  i.v.  injections  a  polythene  tube  was  inserted  in  left  femoral  vein. 
Respiration  was  registered  by  means  of  a  thermistor  probe  placed  into  a  side  arm  of 
a  plastic  cannula  tied  to  the  trachea. 

The  ventral  surface  of  medulla  oblongata  was  exposed  and  a  perspex  applicator 
[10]  was  applied  on  its  rostral  sites  (RVMO).  The  correct  position  was  checked  at  the 
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end  of  experiments  by  colouring  the  areas  with  brom-phenol  solution  [8].  Solutions 
of  chemicals  (10  fxl)  were  applied  bilaterally  and  removed  after  5  min  by  repeated 
washing  with  mock  cerebrospinal  fluid.  In  a  series  of  6  cats,  preceding  the  fixation  of 
applicator  on  ventral  medulla,  an  indwelling  Collison  cannula  was  implanted  in  the 
right  lateral  ventricle.  To  perform  intracerebroventricular  (i.c.v.)  injections,  the 
ventral  medulla  applicator  was  temporarily  removed  and  the  animal  placed  up-right. 
The  maximum  volume  injected  was  0.25  ml  and  about  2  min  afterwards  the  cat  was 
returned  to  supine  posture  and  the  ventral  medulla  applicator  replaced.  Additional 
experimental  details  were  described  previously  [7].  To  block  muscarinic  cholinergic 
stimulation,  0.5  mg/kg-  atropine  sulphate  was  injected  i.v.  together  with  the  first 
dose  of  aneasthetic  and  1.5  mg/kg  shortly  before  application  of  the  anti¬ 
cholinesterases.  Drug  effects  described  in  this  paper  were  replicated  in  at  least  3 
separate  animals  and  for  comparative  purposes  some  results  which  will  be  reported 
in  extenso  separately  were  also  included. 

The  materials  used  included;  sodium  pentobarbitone  (Abbott),  atropine  sulphate 
(Merck),  nor-adrenaline  (Sigma),  yohimbine  HCl  (Plantex)  as  well  as  two 
organophosphate  anticholinesterases,  namely  soman  (S;pinacoly-methylphosphono- 
fluoridate)  and  the  fluorescent  compound  NBD-AP-MPF  (7-nitrobenz-2-oxa-l,3 
diazole)aminopentyl  methylphosphonofluoridate)  [1).  Chemicals  destined  for  appli¬ 
cation  on  the  RVMO  were  dissolved  in  mock  cerebrospinal  fluid  but  the  water-in- 
soluble  NBD-AP-MPF  was  dissolved  in  a  mixture  of  50%  each  propylene  glycol  and 
dimethylsulfoxide.  Control  experiments  showed  that  the  mixture  was  inert  when 
applied  on  RVMO.  Saline  was  the  diluent  for  materials  injected  i.v. 


Results 

Effects  on  blood  pressure 

The  bilateral  application  of  S  or  NBD-AP-MPF  on  RVMO  elicited  a  dose-related 
fall  of  BP  whereas  ECG  changes  were  absent  or  very  transient.  The  minimal  dose 
producing  hypotension  was  0.5  /ig  in  the  case  of  S  whereas  NBD-AP-MPF  was 
ineffective  at  2.5  ng  and  a  distinguishable  fall  occurred  only  after  application  of  5 
pg.  In  Fig.  1  the  log  doses  were  plotted  against  mean  BP  fall.  It  may  be  seen  that  the 
slope  for  S  was  rather  steep  in  contrast  with  the  one  for  NBD-AP-MPF.  After 
removal  of  the  anticholinesterases,  BP  was  eventually  restored  completely  in  most 
cases,  and  in  others  it  stabilized  at  a  level  slightly  lower  than  the  initial  one.  Times 
for  full  recovery  after  application  of  the  largest  doses  were  2  h  to  3  h  25  min  in  the 
case  of  2.5  pg  S  and  35-45  min  after  60  pg  NBD-AP-MPF.  On  the  other  hand, 
unilateral  application  of  these  doses  was  ineffective. 

Effects  on  respiration 

Whereas  hypotension  was  a  constant  feature  caused  by  bilateral  application  of  the 
anticholinesterases,  the  accompanying  respiratory  changes  varied.  In  most  cases 
respiratory  rate  increased  and  amplitude  decreased,  but  in  others  the  opposite  or 
mixed  changes  occurred.  In  the  majority  of  the  experiments  sigh-like  movements 
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NBD 

Fig.  1.  Diagram  showing  mean  blood  pressure  fall  (mm  Hg)  elicited  by  bilateral  application  on  rostral 
ventral  medulla  oblongata  of  organophosphates  (O.P.):  S,  soman;  NBD.  NBD-AP-MPF,  Doses  (^g)  in 
logarithmic  scale. 


intermingled  at  regular  intervals  with  ordinary  respiratory  movements  as  shown  in 
Figs.  2-4.  Respiration  usually  normalized  simultaneously  or  independently  of  BP 
but  in  some  experiments  remained  accelerated  and  at  reduced  amplitude  despite  of 
BP  having  been  totally  restored. 

Antagonism  by  atropine,  noradrenaline  or  yohimbine 

Bilateral  application  of  500  pg  atropine  sulphate  performed  at  the  peak  effects 
induced  by  S  [29]  or  NBD-AP-MPF,  restored  BP  and  regularized  respiration.  Fig.  2 
illustrates  some  of  these  findings. 

In  3  cats,  bolus  injection  of  1  /ig/kg  noradrenaline  was  administered  i.v.  at 
various  intervals  (up  to  4  times)  during  the  course  of  vasodepression  provoked  by 
bilateral  application  of  2.5  pg  S.  As  shown  in  Fig.  3,  immediately  after  each  single 
injection  of  noradrenaline  there  was  a  transient  BP  rise.  However,  in  no  experiment 
was  the  typically  long  time-course  of  hypotension  induced  by  S  appreciably  shor¬ 
tened  after  repeated  administrations  of  noradrenaline. 

The  hypothesis  of  possible  involvement  of  central  o^-adrenoceptors  [16]  in  the 
vasodepression  provoked  by  organophosphates  was  then  considered  and  it  seemed 
appropriate  to  test  yohimbine  as  potential  antagonist.  In  a  series  of  experiments  (6 
cats)  a  hypotensive  response  after  bilateral  application  of  30  pg  NBD-AP-MPF  was 
first  obtained.  When  BP  had  regained  its  initial  level,  250  or  500  |Ug  yohimbine  was 
injected  i.c.v.  Regardless  the  dose,  yohimbine  elicited  a  short  lived  BP  fall  followed 
by  a  progressive  rise  until  BP  became  stabilized  at  (a)  a  level  slightly  higher  than  the 
initial  one  (4  cats)  or  (b)  declined  eventually  to  normal  (2  cats).  When  BP  was 
steady,  the  application  of  NBD-AP-MPF  was  repeated  in  all  6  cats.  In  case  (a)  the 
application  of  NBD-AP-MPF  brought  BP  down  only  to  its  normal  level  whereas  in 
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Fig.  2.  Cal,  female,  3.990  kg  b.wt.,  anaesthetized  with  sodium  pentobarbitone  and  prelreated  with 
atropine  sulphate.  Record  of  respiration,  R,  electrocardiogram  (ECG),  blood  pressure  (pulsatile  and 
mean,  scale  in  mm  Hg)  and  lime  (T,  1',  30").  Time  gap  between  panel  A-B  3  min,  B-C  5  min.  Upper 
numbers  indicate  time  intervals.  Horizontal  bar  denotes  bilateral  application  on  rostral  ventral  medulla 
oblongata  (RVMO)  of  30  fig  NBD-AP-MPF  (NBD)  or  500  fig  atropine  sulphate  (A). 
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Fig.  3.  Cat  female  2.780  kg  b.w.  Conditions  and  abbreviations  as  in  Fig.  2.  Time  gap  between  A-B  35 
min.  Horizontal  bar  denotes  bilateral  application  on  RVMO  of  2.5  soman  (S).  Signal  in  lime  line 
indicates  i.v.  injection  of  1  noradrenaline  (N). 


case  (b)  the  vasodepression  was  considerably  reduced:  fall  being  12  and  15  mm  Hg 
vs  28  and  34  mm  Hg,  respectively  in  control  responses.  Furthermore,  in  all  above 
mentioned  experiments,  2.5  fig  S  was  applied  bilaterally  when  BP  had  recovered 
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Fig.  4,  Cal,  female  2.500  kg  b.w.  Conditions  and  abbreviations  as  in  Fig.  2.  Between  panel  A  and  B  30 
min  elapsed  during  which  500  fig  yohimbine  was  injected  into  the  right  lateral  ventricle.  Interval  between 
B-C  5  min.  Horizontal  bar  denotes  bilateral  application  on  RVMO  of  30  f»g  NBD-AP-MPF(NBD)  or  2.5 
Mg  soman  (S). 


from  the  second  application  of  NBD-AP-MPF.  Under  these  circumstances  S-in- 
duced  vasodepression  was  not  only  of  small  magnitude,  35  ±  6  mm  Hg  compared 
with  86.50  ±  8.10  in  control  cats,  but  also  of  shorter  duration,  20-35  min  against  2  h 
to  3  h  15  min  in  corresponding  experiments  without  yohimbine.  Fig.  4  illustrates 
some  of  these  findings.  Moreover  in  all  these  experiments  it  was  noted  that  after 
administration  of  yohimbine,  the  respiratory  disturbances  which  accompanied  the 
hypotension,  were  less  severe. 

To  further  explore  the  potential  of  yohimbine  as  antagonist,  the  drug  was 
administered  i.v.  at  the  nadir  of  hypotension  induced  by  S  application  to  6  other 
cats.  In  2  out  of  3  animals  which  received  0.5  mg/kg  yohimbine  i.v.  after  application 
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of  1.5  ng  S,  the  BP  was  fully  restored  within  20  and  55  min  of  drug  injection  vs  1  h 
10  min  to  1  h  40  min  in  controls.  However,  in  the  third  cat  no  clear  beneficial  effect 
was  noted.  In  3  other  animals,  namely  A,  B  and  C,  S  was  applied  at  the  highest  dose 
examined  i.e.  2.5  ^g  whereas  the  i.v.  dose  of  yohimbine  administered  was  0.5  mg/kg 
to  cat  A  and  0.25  mg/kg  to  cats  B  and  C.  In  the  two  latter,  BP  was  brought  to  initial 
level  25  min  and  45  min  after  drug  injection.  Furthermore,  shortly  after  BP  had 
stabilized,  a  second  application  of  S  elicited  in  cat  B  a  minor  fall  and  no  hypotension 
in  cat  C.  Contrastingly  in  cat  A,  BP  did  not  recover  even  after  2  h  of  yohimbine 
injection,  and  the  animal  was  sacrificed  after  that  time. 


Discussion 

A  salient  finding  in  this  work  was  that  yohimbine  i.c.v.  administered,  effectively 
reversed  or  prevented  the  otherwise  long  lasting  vasodepression  elicited  by 
organophosphates.  Most  probably  yohimbine  antagonism  had  been  effected  by 
restoration  of  previously  diminished  vascular  tone.  Reduction  of  this  latter  and 
concomitant  decrease  of  peripheral  resistance  have  been  repeatedly  postulated  as  the 
essential  mechanism  for  the  anticholinesterase-induced  hypotension  presenting  con¬ 
spicuous  refractoriness  to  systemic  admini.stration  of  cholinolytics  [5,7,8,22).  The 
normal  vascular  tone  has  been  shown  to  be  regulated  through  sympathetic  outflow 
originating  in  hypothalamic  neurons  and  other  descending  monoaminergic  pathways 
[12,19,20,24].  In  addition,  pharmacological  evidenr»  -  ',gested  the  presence  of  a2- 
adrenoceptors  regulating  noradrenaline  rele.^st.,  ir,  ^  entrai  adrenergic  neurons 
[2,13,16,25,27].  It  could  then  be  reasombly  postulated  that  yohimbine  reinstated  the 
sympathetic  vascular  tone  and  consequently  peripheral  resistance  by  blockade  of 
central  a2'3<^''snoceptors.  We  favour  a  central  mechanism  because  yohimbine  was 
consistently  effective  after  i.c.v.  wher^a.'  bv  i.v,  i  vec'ion  antagonism  was  less  evident 
or  absent.  The  variation  could  be  attributed  to  the  fact  that  systemically  adminis¬ 
tered  yohimbine  has  been  reported  [11]  to  interact  with  central  and  peripheral 
vascular  Oj-adrenoceptors  [17]  as  well  as  other  amine  receptors  (dopamine,  serotonin). 
All  these  are  capable  of  influencing  the  type  and  magnitude  of  blood  pressure 
responses  depending  on  the  dose,  number  and  sensitivity  of  receptors  populating 
each  particular  vascular  bed,  degree  of  blockade,  etc.  These  factors  then,  would 
mal  e  the  resultant  blood  pressure  response  to  i.v.  yohimbine  less  predictable.  The 
transient  reversal  of  the  hypotension  produced  by  exogenous  noradrenaline  may  be 
readily  explained.  Its  pressor  effect  in  the  cat  is  effected  by  peripheral  vasoconstric¬ 
tion  [14]  attributed  to  activation  of  vascular,  in  contrast  to  central,  oj-adrenoceptors 
[17],  To  reinstate  adequate  peripheral  resistance,  it  w’ould  probably  be  more  ade¬ 
quate  to  administer  the  catecholamine  not  in  single  injections  but  in  prolonged 
infusion  as  it  has  been  sh.own  to  be  successful  in  different  experimental  conditions 
[28], 

The  protean  character  of  respiratory  changes  elicited  by  application  of  anti¬ 
cholinesterases  in  the  present  work  was  consistent  with  similar  previous  observations 
[7,8],  The  variability  strongly  supports  the  concept  [15]  of  functional  independence 
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of  respiratory  and  vasodepressor  responses  elicited  from  ventral  medulla  which  were 
probably  also  mediated  by  different  neural  networks  [23].  The  sigh-like  movements, 
which  frequently  interrupted  normal  respiratory  deflections,  have  also  been  observed 
in  acute  hypotension  and  neurocirculatory  asthenia  in  humans  and  were  supposed  to 
correct  deficient  POj-PCOj  balance  [3,4].  The  current  opinion  holds  that  sigh  is 
reflexly  generated  in  hypoventilated  lung  patches  and  the  deep  inspiration  phase 
aims  to  re-expand  discrete  areas  of  atelectasis  [3,21].  It  could  then  be  speculated  that 
the  increased  cholinergic  activity  resulting  from  cholinesterase  inhibition  [6,7]  in 
superficial  RVMO  cells  could  have  induced  vasodepression  along  with  broncho- 
constriction.  Thus,  the  possibility  arises  that  these  cells  might  have  some  involve¬ 
ment  in  bronchomotor  control  in  addition  to  their  role  in  generation  of  respiratory 
drive  [23]. 

The  antagonism  by  topically  applied  atropine  of  NBD-AP-MPF  and  S  was 
according  to  expectations.  It  has  already  been  shown  that  a  number  of  topically 
applied  cholinolytic  agents,  probably  acting  on  cholinergic  receptors  of  RVMO  [6,7] 
effectively  reversed  vasodepressor  and  respiratory  disturbances  induced  by  a  number 
of  anticholinesterases,  either  topically  [8]  or  i.v.  administered  [7].  On  the  other  hand 
the  question  arises  concerning  the  ineffectiveness  of  systemically  administered 
atropine.  The  reason  could  be  that  by  the  latter  route,  insufficient  concentration  of 
the  drug  was  attained  on  a  critical  central  site  such  as  the  superficial  cells  of  RVMO. 
NBD-AP-MPF  was  considerably  less  potent  than  S  as  far  as  induction  of  vaso¬ 
depression  and  ventilation  disturbances  were  concerned.  The  reason  could  be  lesser 
intrinsic  anticholinesterase  activity  [1]  and/or  inherent  poor  diffusibility  owing  to 
the  NBD-AP-MPF  bulky  molecule. 

Hitherto,  the  rationale  behind  the  search  for  antagonists  against  organophosphate 
anticholinesterases  has  implied  mainly  cholinergic  mechanisms.  A  number  of 
cholinolytics  and  cholinesterases  reactivators  have  been  reported  to  reverse  most  of 
the  deleterious  effects  [26].  However  it  has  been  shown  in  cats  [7]  that  central 
vasodepression  remains  an  exception,  unless  antagonists  were  deposited  directly  on 
RVMO.  As  corollary,  the  present  work  seems  to  provide  an  indication  that  central 
hypotension  may  also  be  overcome  through  proper  manipulation  of  central  aj- 
adrenoceptors. 
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The  synthesis,  kinetic,  and  spectral  characterization 
of  (7-nitrobenz-2-oxa-l,3-diazole)aminoethyl  and  (7- 
nitrobenz-2-oxa- 1 ,3-diazole)aniinopentyl  methylphos- 
phonofluoridate  are  described.  These  homologous  or¬ 
ganophosphorous  agents  contain  the  environmentally 
sensitive  7-nitrobenz-2-oxa- 1,3-diazole  chromophore. 
They  inhibit  acetylcholinesterase  from  Torpedo  at 
rates  exceeding  10^  M“'  min“‘  to  form  long-lived  con¬ 
jugates  with  one  chromophore/80-kilodalton  subunit. 
The  intensity,  position,  and  line  width  of  the  absorption 
spectra  of  the  conjugates  and  reactivation  kinetics  in 
the  presence  and  absence  of  the  bisquaternary  oxime 
1,1  '-trimethylene-bis(4-formylpyridinium  bromide) 
dioxime  indicate  that  these  agents  form  conjugates  in 
which  the  NBD-aminoalkyl  moieties  experience  dis¬ 
tinctive  microscopic  environments  within  the  active 
center. 

NBD-aminoethyl  methylphosphono-acetylcholines- 
terase  undergoes  oxime-induced  as  well  as  spontaneous 
reactivation  at  rates  that  are  3.6  and  35  times  faster, 
respectively,  than  the  corresponding  rates  measured 
for  the  NBD-aminopentyl  conjugate.  Hence,  reactiva¬ 
tion  exhibits  a  marked  dependence  on  structure  of  the 
methylphosphonate. 

Fluorescence  emission  at  wavelengths  greater  than 
520  nm  is  highly  quenched  and  exhibits  quantum  effi¬ 
ciencies  of  less  than  ?>%.  Absorption  maxima  for  the 
covalent  NBD-aminoethyl  methylphosphono-acetyl- 
cholinesterase  appear  at  475-480  nm  while  those  for 
the  corresponding  NBD-aminopentyl  methylphos- 
phono-acetylcholinesterase  appear  at  485-490  nm. 
Bandwidths  of  the  absorption  maxima  are  substan¬ 
tially  broader  for  the  acetylcholinesterase  adduct  with 
NBD-aminoethyl  methylphosphonofluoridate  (3870 
cm'‘)  than  for  the  enzyme  adduct  with  NBD-amino¬ 
pentyl  methylphosphonofluoridate  (2870  cm“').  The 
('D  spectrum  of  NBD-aminopentyl  methylphosphono- 
acetylcholinesterase  shows  optical  activity  coincident 
with  the  shape  and  position  of  the  absorption  spectrum. 
In  contrast,  in  addition  to  optically  active  transitions 
at  the  absorption  maxima,  the  CD  spectrum  of  NBD- 
aminoethyl  methylphosphono-acetylcholinesterase 
shows  intens"  optical  activity  at  430  nm,  a  wavelength 
region  coincident  with  liie  region  of  spectral  broaden¬ 
ing. 

The  spectral  properties  of  a-chymotrypsin  conju- 
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gates  formed  by  reaction  with  the  two  probes  are  dif¬ 
ferent,  and  the  respective  spectra  differ  also  from  those 
observed  for  the  acetylcholinesterase  conjugates. 
These  results  indicate  that  there  is  a  reciprocal  rela¬ 
tionship  between  the  structure  of  the  probe  and  the 
structure  of  the  active  center.  Absorption  spectra  ob¬ 
tained  for  conjugates  with  the  5.6  S  hydrophobic  di¬ 
meric  form  of  acetylcholinesterase  from  Torpedo, 
which  has  an  amino  acid  composition  that  is  unique 
from  the  1 1  S  tetrameric  form,  are  essentially  equiv¬ 
alent  with  that  of  the  1 1  S  form,  providing  evidence 
independent  of  sequence  analysis  for  a  homology 
within  the  active  centers  of  these  two  genetically  dis¬ 
tinct  enzymes. 


Site-specific  fluorescent  probes  have  been  useful  in  deline¬ 
ating  equilibrium  and  kinetic  features  of  ligand  association 
with  acetylcholinesterase  and  have  been  employed  to  a.ssess 
microscopic  topography  of  the  enzyme  surface  (1-4).  Probes 
specific  for  the  active  center,  in  particular,  allow  one  to  exploit 
the  presence  within  the  catalytic  cavity  of  a  nucleophilic 
serine  that  reacts  with  organophosphorous  agents  to  form 
long-lived  enzyme  intermediates  suitable  for  spectroscopic 
study  (.5-7).  The  availability  of  fluorescent  organophospho- 
nates  characterized  by  a  common  homologous  structure  would 
prove  advantageous  in  assessing  both  the  protein  environment 
and  the  spatial  dimensions  of  the  active  center.  Aminoalkyl 
conjugates  of  4-chloro-7-nitrobenz-2-oxa-l,J-diazole  iNBD- 
ri').  in  particular,  when  examined  in  solvents  of  different 
polarity  undergo  dramatic  changes  in  their  absorption  and 
fluorescence  spectra  and,  hence,  are  expected  to  serve  as 
sensitive  probes  of  the  protein  environment  within  the  cata¬ 
lytic  center  (8). 

This  paper  reports  the  synthesis,  kinetics  of  inhibition  and 
reactivation,  and  absorption,  fluorescence  and  circular  dichro- 
ism  .spectra  of  a  homologous  pair  of  methylphosphonofluori- 
dates  containing  aminoalkyl  conjugates  of  NBD-(*1.  The  new 
probes  are  designated  NBD-aminoethyl  and  .NBD-aminopen¬ 
tyl  methylphosphonofluoridate,  NHD-.AE-MI’F  and  NBD 
AP-MPF.  re.spectivel\'.  and  by  \irtue  of  the  different  chain 
lengths  separating  the  lluorophore  from  the  reactive  methyl- 
phosphonvl  group,  their  s[)eclro.sco[)ic  characteristics  ser\e  to 
report  on  (lie  pr-'tein  environment  within  different  regions  of 
the  active  center. 

'  The  abbreviations  used  are:  NBI)-('l.  4  chloro-7-nitrnbenz-2- 
oxa  l.J  diazole;  NBH.  7  nitrobenz  2 oxa  l.J-diazole;  NBD-AE  MPK, 
NBI)  r.niinoet hvl  met hvliihosiihonofluoridate.  NBD- AB-MI’F. 
NBD  aminoi>entyl  inethvl|)hosphoiionuoridate;  T.MB  4,  1,1  -tri- 
methylenebis(4  formvlpyridinium  bromide)  dioxime;  AchF.,  acetyl¬ 
cholinesterase. 
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These  probes  are  employed  to  examine  acetylcholinesterase 
from  Torpedo  californica.  When  isolated  by  tryptic  digestion 
of  Torpedo  electroplax,  the  enzyme  exists  as  a  tetrameric 
species  exhibiting  a  sedimentation  coefficient  of  11  S  (9).  Low 
salt  extraction  in  the  absence  of  tryptic  digestion  affords,  in 
contrast,  a  dimeric  species  characterized  by  a  sedimentation 
coefficient  of  5.6  S  (10,  11).  Both  NBD-AE-MPF  and  NBD- 
AP-MPF  are  found  to  be  potent  and  specific  inhibitors  of  the 
1 1  S  "lytic”  form  of  acetylcholinesterase  and  form  conjugates 
with  a  stoichiometry  of  one  methylphosphonyl  moiety/sub¬ 
unit.  The  spectral  characteristics  of  the.se  homologous  probes 
conjugated  with  the  different  molecular  forms  of  acetylcholin- 
estera.se  are  presented  and  compared  with  those  determined 
for  the  corresponding  conjugates  with  o-chymotryTosin. 


SynthesiM  nf  Flunri'scenl  Methylph'i.-.pliDnalrs  .Met hy)phi)>phi> 
nodichhiridate  was  synthesized  by  reaiticin  ol  methyl  dimethylphcis 
phonate  with  PCI.,  (1.5)  and  was  converted  to  niethylphosphonodo 
lluoridate  hy  treatment  with  XaK  in  tetramethvlene  snllone  (l(i,  17). 
as  previously  described  l.'>). 


la  n  =  2 
lb  n  =  5 


EXPERIMENTAL  PROCEDURE,S 

Material-  ti  -Chymotrypsin  (Type  1  .S)  and  T.MB-4  were  products 
of  Sigma.  The  11  S  or  lytic  form  of  acetylcholinesterase  from  7' 
calijornua  was  purified  to  homogeneity  hy  affinity  chromatography 
of  electroplax  homogenates  subjected  to  mild  tryptic  dige.stion  (9l. 
The  dimeric  low  salt  soluble  form  was  isolated  from  the  first  super¬ 
natant  fraction  of  electroplax  homogenates  hy  affinity  chromatogra 
phy  as  described  hy  Lee  et  at.  (111. 

The  fluore.scent  conjugates  were  formed  by  reaction  of  purified 
enzyme  with  a  1.. 5  3-fold  excess  of  the  methylphosphonofluoridate 
delivered  from  a  concentrated  stock  solution  in  acetonitrile.  In  a 
typical  preparation,  the  enzyme  was  present  in  concentrations  greater 
than  2  x  10  M  in  subunit  sites.  The  reaction  mixture  was  passed 
through  a  .Sephadex  G  '2~i  column  at  4  C.  Labeled  enzyme  appeared 
in  the  void  volume  and  was  collected  and  dialyzed  extensively  against 
buffer.  The  buffer  medium  was  a  (1.01  N  Tris-C'l  buffer,  pH  H.O, 
containing  0.1  n  NaOl  and  0.04  M  MgC'fi. 

Acetylcholinesterase  activity  was  measured  hy  titration  in  a  Radi¬ 
ometer  TTT-hO  pH-stat  titrator.  NMR  spectra  were  obtained  on 
Varian  T-60  and  F.M-39(I  spectrometers  with  tetramethylsilane  as  an 
internal  standard;  proton  signals  are  reported  in  parts  per  million  th). 
I'ltraviolet  spectra  were  obtained  on  a  Cary  21(1  or  a  Heckman  I’V- 

2.5  spectrometer.  Fluorescence  spectra  were  obtained  on  an  Aminco- 
Howman  Ratio  II  spectrometer  equipped  with  a  thermostatted  cell 
compartment  and  a  Hamamatsu  P-928H  photomultiplier  tutie. 

Circular  dichroistn  of  the  conjugates  was  examined  on  a  .lASCO 
•I41C  spectropolarimeter  operating  at  2.5  'C.  Optical  activity  is  re¬ 
ported  as  molar  ellipticity  (K),  (degrees-cmVdecinioi, ,  which  is  cal 
ciliated  according  to  Equation  1  from  the  observed  ellipticity, 
(degrees),  and  the  molecular  weight  of  the  chromophore.  where  d  and 
I  denote,  respectively,  the  path  length  (centimeters)  and  the  chro¬ 
mophore  concentration  (grams/milliliterl  (12).  For  conjugates  formed 
.''..,..1  both  probes. 
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Scheme  l 


.Scheme  I  illustrates  the  synthesis  of  the  fiuore.scent  alcohols  and 
methylphosphonofiuoridates.  NH1)-CI  was  reacted  with  either  2-ami- 
noethanol  or  .5-amino- 1 -pentanol  to  afford  NBD-aminoethanol  Hat 
and  NBD-aminopentanol  (lb),  respectively.  Reaction  of  these  alco¬ 
hols  with  methylphosphonodinuoridate  afforded  (he  corresponding 
methylphosphonofiuoridates  I2a  and  bl.  The  course  of  the  reaction 
is  readily  followed  by  monitoring  the  NMR  spectral  changes  of  the 
methyl  group.  The  difiuoridale  exhibits  a  first-order  spectrum  con¬ 
sisting  of  a  doublet  of  triplets  that  collapse  to  a  doublet  of  doublets 
upon  formation  of  the  monofiiioridaie  (.5), 

NHI)  amiiuipenlanot  lib)-  To  a  solution  of  NBI)-('l  Ll.H  g.  0.019 
mol)  in  methanol  was  added  dropwise  a  solution  of  aminopentanol 
(8.15  g,  0.079  moll  in  methanol  The  reaction  was  allowed  to  proceed 
under  reflux,  and  the  reaction  progress  was  followed  by  monitoring 
changes  in  thin  layer  chromalogra|)hy.  After  (  h,  the  reaction  mixture 
was  allowed  to  cool  to  room  temperature,  reduced  in  eacuo  to  an  oil. 
and  purified  by  chromatography  on  siliciC  acid  with  mixtures  of 
chloroform  and  hexane,  ('rystallizai ion  from  ('HCli  afforded  yellow 
needles  (3.09  g,  82  78'7  vieldl.  m.p.  97.5  98,5  NMR  (('DCfi)  8.45 
(d. ./  -  8  Hz.  IH,  NBD),  (1  13  (d,  .7  =  8  Hz,  IH.  NHID,  3.(18  (t,  J  =  8 
Hz.  2H,  ii-methylene).  3.4  ((.  ■/  =  8  Hz.  (-methylene),  1.88  (m.  8H, 
.f,-)  .(i-methylenesl. 


a  M,  of  21)7  17.  representing  the  N'HD-aminoet hyl  moiety,  was  em- 
[iloyed  The  p.ith  length  was  1  cm. 

Klerneiital  analv.ses  were  jierformed  at  (laihrailh  Lahoratorie.s,  Inc.. 
Knoxville.  I'N.  and  are  within  ±(I,4'V  for  each  element  analyzed.  The 
purity  .if  compounds  was  asses.sed  hy  thin  layer  chromatography  on 
silica  gel  plates  (Eastman  Chromagram);  products  were  delected  hy 
rV  (luorescence.  Column  chromatography  was  carried  out  with  silicic 
acid.  .Melting  jioints  were  determined  on  a  Mel-  Temp  apparatus  and 
are  uncorrected 

Inhihitnm  and  Suhsi'ijuenl  Hmi  firalinn  nf  An'lylcholinesterasi’  - 
Kinetics  of  inhibition  of  acetylcholinesterase  hy  fiunresceni  methyl- 
phosphonates  were  monitored  hy  the  general  procedure  of  Hart  and 
O'Brien  11  1),  with  p  nitrophenyl  acetate  as  substrate.  The  reaction 
medium  was  0,1  M  sodium  phosphate,  pH  7.0. 

Reactivation  of  (he  |)hosphonylated  enzyme  in  the  presence  and 
absence  of  TMB  4  ( I  inM)  was  carried  out  at  25  ('  in  0.01  N  Tris-Cl 
buffer.  pH  8  It,  containing  0.1  N  NaCI  and  0.04  M  MgCfi.  The  enzyme 
for  these  studies  was  [lassed  through  a  .Sephadex  (1  25  column  and 
dialyzed  overnight  against  buffer.  Reactivation  studies  were  based  on 
return  of  catalytic  activity  against  0.5  mM  acetylcholine  chloride 
following  2IK)  3(KKI  fold  dilution  of  the  enzyme  jirior  to  assay.  To 
monitor  enzyme  stahilitv  over  long  intervals,  native  enzvnie  was 
incubated  and  examined  under  equivalent  conditions. 


Calculated:  C  49,82  H  5.28  N  21.03  ()  24.08 
Found:  C  49.82  H  5. .37  N  21.00  O  23.93 

Am.,  (HAB  =  480  nm;  („,„  =  2.8  ±0.1  x  10*  m  '  cm 

.\hl)  aminiH'thiinnI  tia)  This  material  was  prepared  by  a  proce¬ 
dure  similar  to  that  for  N’BI)  aminopentanol  or  was  purchased  from 
Molecular  Probes.  The  melting  points  of  the  final  product  (m.p. 

144.5  145.5  "Cl  and  purchased  material  1 144  145  Cl  were  com|)ara 
ble.  A„,,  (H,.())  =  475  nm;  ih^i  =  2  5  ±  0.1  x  10<  m  '  cm 

yhl)  amimipentyl  Melhylphnaphnndfluondatf  rjb)  To  a  solution 
ol  CH.iPOFi  (2.311  g,  0.0231  moll  in  CH..CI..  in  a  3  necked  round 
bottom  flask  equipped  with  a  refiux  condenser,  Caf'l..  drying  tube, 
and  a  pressure  equalizing  drop|)ing  funnel  was  added  a  solution  of 
NBO-aminopentanol  (1.5  g,  0.00,58  moll  and  ( riethylamine  (0.88  g. 
0.()(M)7  mol)  in  CH^CIj.  The  reaction  was  allowed  to  jtroceed  under 
refiux  for  8  h,  allowed  to  cool  to  room  temperature,  diluted  with 
CHA’l-z.  and  washed  two  times  with  saline.  The  organic  layer  was 
dried  over  Na-zSO,,  filtered,  reduced  in  rni  uo,  and  purified  hy  passage 
through  a  column  of  silicic  acid.  Crystallization  trom  mixtures  of 
CHCI,  and  ether  afforded  orange  crvstals  (1.0  g,  .50',  vieldl  m.p. 

11.5.5  118.5  'C.  NMR  (CnCl.,1  8.45  (d,  .7  =  8  Hz.  IH,  NBI)),  8  15  id. 
.7  =  8  Hz.  IH.  NBD),  7.1  (relaxed  t.  .7  =  8  Hz,  NH),  4  29  (in,  2H,  o 
methylene)  3  .58  (tp  .7  =  8  Hz.  2H.  (  -methylene).  L85  tdd,  ./nf  ^  8 
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l-'lu'irvscfnt  I’hosphunutv  iMbcIs  fur  Suriru’  Hydrulases 


W/.  -J I,)  ^  I  S  H/,  'H.  nu'i  li\  1 1.  1  .s  I  Ill,  I'H.  ■J'.',  .'i  -  me!  hvlcnel. 

fakul.iti’ii:  ('  tl.(;  H  t  C  \  Iti.lS  1>  F 

Fiiuiid:  ('  41, 4H  H  4.d4  \  1(1,114  1‘  S,H:>  K  .‘i,:!:! 

\ HI )  tiniiniiiilixl  Mi  ihylphaf'phiiniifluiiridati-  rja)  This  niiiteruil 
vMis  synthfsi/eii  us  (k'scrilied  abiivf  liir  the  aminoi)enl,\  1  derivative, 
( 'r\ stallizat inn  ol  the  |irodiut  isolated  alter  ehromatoKraphy  Irnm 
silu  K'  acid  altorded  yellow  orati^te  crystals,  iii,p,  154, "i  155  (',  N.\1K 
(diiiiethyl  sulloxide  d,,!  d,5  (d,  J  =  S  Hz,  1 H,  N'HDl,  ti,4  (d,  J  =  H  Hz, 
IH,  NHDl,  4.15  mi,  2H,  o-niethylene),  d.d  it,  -J  =  5  Hz,  2H,  .T 
iiiethyleiiel,  1.7  idd,  -yuK  =  (1  Hz,  -JHy  =  Id  Hz,  :1H,  methyl). 

Calculated:  C  :i5..54  H  :i..ll  .\  ld.42  I'  lt).lH  F  ii.l'a 

F'ound:  C  :l5.4(i  H  :l.:i(i  \  18.21  1‘  Itl.d  F  tl.Dl 

RKSn.TS 

Inhibition  of  Acctylcholiricsterasc  by  Fluorrscent  Mcthyl- 
p/!<).sp/ii)na(('s—  Inhibition  of  acetylcholinesterase  by  the  flu¬ 
orescent  methylphosphonates  proceeded  rapidly  and  could  be 
nietisured  by  conventional  techniques  only  at  suhmicromolar 
concentrations  of  inhibitor.  The  himolecular  reaction  con¬ 
stants  exceeded  values  of  10'  M  '  min"'  (Table  I)  and  were 
'iOO  lOOO-fold  greater  than  those  for  the  lipid-soluble  phos¬ 
phates  paraoxon,  diisopropylphosphorofluoridate,  and  ma- 
loxon  1  Id.  14,  Irt),  When  inhibitor  was  in  excess,  the  observed 
first -order  kinetics  were  indicative  of  a  single  phosphonylat- 
ing  species  reacting  with  a  homogeneous  class  of  independent 
sites. 

NH1)-.\F’-MPF  was  stable  to  hydrolysis  in  buffer,  and  its 
inhibition  of  acetylcholinesterase  was  measured  readily. 
\HI)-.\K-MFF,  in  contrast,  was  hydrolyzed  at  a  measurable 
rate.  Thus,  the  rate  of  loss  of  enzyme  inhibition  declined 
following  incubation  of  inhibitor  for  different  times  prior  to 
reaction  with  enzyme.  Ashani  ct  al.  (19)  have  described  a 
method  for  determining  inhibition  constants  of  labile  agents 
that  concomitantly  undergo  rapid  .spontaneous  hydrolysis. 
I  sing  this  method,  we  obtained  an  inhibition  constant  of  2.4 
X  10  M  '  min  '.  a  value  comparable  to  that  obta.'ned  for 
\H1)-.AF-M1*F.  and  a  value  of  1.7  ±  0.4  min  '  for  the  alkaline 
hydrolysis  rate  constant. 

Hvnctivation  of  the  Methylphosphoriyl-acetykholinexterase 
< 'o)!/b,got(.s  -  Reactivation  at  2')  ”C  in  the  presence  of  the 
bisquaternary  bisoxime  nucleophile  TMB-4  ( 1  mM)  as  well  as 
spontaneous  reactivation  in  its  absence  behaved  as  first -order 
processes  to  greater  than  OO'i  completion  (Fig,  1  and  Table 

I  ahi.k  I 

Inluhitiiin  Ilf  iii  ii)  hill iliiii’.itvmxi’  and  suhsrijin’nl  rfartiL  atian 
paranti'liTs  nn  mi'thylphiixphiinyb.-U'hE 

K,.  hr.  and  4.  denote  the  himolecular  reaction  constant,  oxime 
induced,  and  spontaneous  reactivation  rale  constants,  respectively. 

K;  k,"  k."  k./k. 

M  '  mill  ‘  )i  '  h  ' 

NHD  .-M’  MPF  (5.4  ±  2.:t)  x  lu"  ().(i:i  ±  o.oi  2.:t  ±  l.;tx  lo  *  i:to 
NHl)  AKMI’F  (2.0  ±  0,41  x  lo''  o.i  i  ±  0.02  8.2  ±  2.5  x  10“'  i:( 

“  Inhihition  constants  were  determined  by  the  general  procedure 
of  Hart  and  O'Krien  I  1  11  The  fluorescent  methylphosphonates  and 
p  nitrophenylacetate  ( 1  inMI  were  added  to  a  cuvette  containing  0.1 
M  sodium  phosphate  buffer,  pH  7.0.  After  positioning  the  cuvette  in 
the  light  path  of  the  spectrophotometer,  acet.vlcholinestera.se  was 
added  to  give  an  estimated  concentration  of  1  x  10“"  m  in  active  sites, 
and  the  reaction  was  measured  by  the  increase  in  optical  density  at 
402  tiM. 

'’Reactivation  rates  were  obtained  by  incubation  of  the  enzyme 
conjugate  at  25  ’('  in  the  absence  or  presence  of  TMH-4  (1  mM).  The 
catalytic  activity  of  aliquots,  taken  at  different  times,  was  measured 
against  0.5  mM  acetylcholine  after  a  200  1  (MM)- fold  dilution  of  enzyme 
Iron)  the  incubation  medium. 

'  Determined  by  employing  the  method  of  residual  activity  (18). 
The  hvdroivsis  rate  was  determined  to  lie  1.7  ±  0.4  min 
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Ftii.  1.  Reactivation  kinetics  of  NBD-aminoalkyl  methyl- 
phosphono-acet.vlcholinestera.se  conjugates  in  the  presence 
and  absence  of  TMB-4.  NHI )-aininoalkyl  nielhylphosphonyl- 
acetylcholinestt rase  forms  were  |)re.sent  al  concentrations  of  2  4  x 
10  "  M  in  subunit  sites  in  a  0.01  N  I'ris  t’l  butler,  |)H  8.0.  containing 
0.1  N  NaCl  and  0.04  M  MgCl...  Reactivation  was  condui'ted  in  the 
|)resence  (•  •)  and  absence  lO  O)  of  TMB-4  (0.001  M ).  .4  presents 

results  obtained  for  reactivation  of  NKD-aminoet hyl  methyl|)hos- 
phono-acetylcholinesterase.  In  the  jiresence  ol  oxime  reactivation 
prixeeds  with  a  rate  constant  olO.ll  ±  0.02  h  '.  while  in  the  absence 
of  oxime  the  reactivation  rate  constant  ol  8.2  ±  2.5  x  10“'  h  '  is 
substanliallv  slower.  H  presents  results  obtained  for  reactivation  ol 
.\BI)-aminopentyl  inethylphosphono-.AchF  lor  which  the  corre¬ 
sponding  reactivation  rate  constants  are  calculated  to  be  0.0:1  ±  0.01 
b" '  and  2.5  a:  1  ..'1  X  10  *  h' respectively,  in  the  presence  and  absence 
of  oxime. 


1).  NBD-aminoethyl  methylphosphono-AchE  underwent 
spontaneous  reactivation  nearly  40  times  more  rapidly  than 
the  corresponding  NBD-aminopentyl  methylphosphono  con¬ 
jugate.  whereas  the  respective  oxime-induced  rates  differed 
by  .'1.6- fold. 

Spevtroxvopic  Characterization  of  the  Enzyme  Conjufiates— 
Upon  transfer  of  NBD-aminopentanol  from  solvents  of  low 
to  high  dielectric  constant,  the  absorption  spectrum  (Fig.  2) 
underwent  shifts  in  wavelength  of  nearly  40  nm  concomitant 
with  a  doubling  of  the  extinction  coefficient  and  a  broadening 
of  the  spectral  bandwidth.  4'he  emission  spectra  exhibited 
comparable  blue  shifts.  These  results  are  indicative  of  behav¬ 
ior  expected  for  dipolar  molecules  undergoing  marked  changes 
in  the  transition  dipole  moment  upon  absorjttion  and  emission 
of  radiation.  1'his  behavior  for  a  neutral  NBD-containing 
moiety  is  similar  to  that  reported  for  NBD-alanine  (20). 

Acetylcholinesterase  conjugates  with  NBD-aminoethyl- 
and  NBD-aminopentyl  methylphosphonofluoridates  exhib¬ 
ited  distinct  absorption  spectra  (Fig.  2  and  Table  II).  The 
NBD-aminopentyl  adduct  with  acetylcholinesterase  had  an 
ab.sorption  maximum  at  485-490  nm  whereas  that  for  the 
NBD-aminoethyl  conjugate  appeared  at  475-480  nm. 

F.xtinction  coefficients  of  the  longest  wavelength  transition 
were  estimated  in  the  following  way.  A  .sample  of  acetylcho¬ 
linesterase  was  completely  inhibited  with  NBD-AE-MPF  or 
NBD-AB-MPF.  After  gel  filtration  and  dialysis,  the  protein 
conjugates  lacked  enzyme  activity.  The  absorption  spectrum 
of  each  conjugate  at  280  nm  served  as  a  measure  of  enzyme 
concentration  which  was  used  to  estimate  the  chromophore 
normality.  For  the  NBD-aminoethyl  methylphosphono-AchE 
conjugate,  the  extinction  coefficient  at  the  475  480  nm  tran¬ 
sition  was  estimated  to  be  1.4  ±  0.2  x  10*  m  '  cm  '.  The 
extinction  coefficient  for  NBD-aminopentyl  methylphos- 
phono-AchP]  at  the  485  490  nm  transition  was  estimated  to 
be  2.2  ±  0.2  x  10*  m  '  cm  '. 

Reactivation  of  the  NBD-aminoalkyl  methylphosphonyl 
conjugates  to  lOO'V  activity  occurred  in  (he  iiresence  of  the 
bisquaternary  oxime  Hl-O.  Passage  of  the  mixture  through  a 
Sephadex  (l-lOO  column  to  remove  unbound  NBD  aminoal 
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Ki(.  2  Relationship  between  absorption  maximum,  extinction  coefficient,  and  spectral  line  width 
at  half-height,  and  solvent  dielectric  constant  for  solutions  of  NBD-aminopentanoI  in  a  variety  of 
organic  solvents.  The  absorption  maxima  and  extinction  coefficients  at  the  longest  wavelength  were  determined 
in  a  variety  ol  organic  solvents.  .A,  the  abscissa  is  represented  as  wave  number  (cm"');  H,  extinction  coefficient  at 
the  absorption  maximum  (M"'  cm“‘i:  line  width  at  half  height  (cm“'l  for  the  1  «—  0  transition.  Dielectric 

constants  '■  ere  taken  from  U'ea.st  (.16 1.  The  numbers  denote  the  following  solvents  in  order  of  increasing  dielectric 
constant;  I .  dioxane;  2.  Iienzene;  .2.  toluene;  4.  chloroform;  .5.  bromobenzene;  6,  ethyl  acetate;  7,  methylene  chloride; 
s.  pyridine;  9.  n-propanol;  III.  acetone;  II.  ethanol;  12.  methanol;  13.  nitromethane;  N.  dimethylformamide;  15. 
acetonitrile;  tb.  dimethvl  sulfoxide;  17.  water. 


350  400  450  500  550  600 

WAVELENGTH (nm) 


Kii.  c  .Absorption  spectra  of  conjugates  of  NBD-amino- 
ethyl  and  NBD-aminopentyl  methylphosphono-acetylcholin- 
esterase.  The  data  are  [iresented  as  extinction  coefficient  (M"'  cm"') 
of  N'HI)  aminoetlnl  met hvlphosphono-.AchF,  l.di  and  NHD-amino- 
pentvl  iiiethvlphosphono-.AchK  i  H)  present  in  a  (Mil  N  Tris-Cl  buffer. 
pM  s  1 1,  Containing  o.  1  n  NaCl  and  O.nt  M  Mg(’l.>. 

kanol  and  oxime  resulted  in  complete  loss  of  the  chromophore. 
Thus,  nonspecific  labeling  did  not  appear  to  occur. 

Denaturation  in  6  M  urea  shifted  the  absorption  spectra  of 
the  NBD-aminoalkyl  methylphosphonyl  conjugates  to  wave¬ 
lengths  observed  for  the  free  probes  in  urea.  The  denatured 


NBD-aminoethyl  conjugate,  however,  exhibited  a  higher  ex¬ 
tinction  coefficient  than  the  nondenatured  adduct.  These  data 
are  reported  in  Table  II  along  with  results  obtained  with  the 
5.6  S  dimeric  form  of  acetylcholinesterase  and  a-chymotryp- 
sin. 

The  (uncorrected)  fluorescence  spectra  of  the  NBD-ami¬ 
noethyl  and  NBD-aminopentyl  methylphosphono-AchE  con¬ 
jugates,  obtained  upon  excitation  at  the  respective  maxima, 
appeared  at  525  and  530  nm,  respectively.  The  fluorescence 
of  the  NBD-aminoalkyl  moiety  was  highly  quenched  in 
aqueous  environments  while  in  less  polar  solvents,  such  as 
ethanol,  the  fluorescence  quantum  yield  was  appreciable. 
NBD-aminoethyl  methylphosphono-AchE  exhibited  a  fluo¬ 
rescence  quantum  yield  that  did  not  exceed  5%  efficiency,  as 
based  on  the  value  of  fluorescein  in  0,1  N  NaOH  (21),  and 
was  comparable  to  that  obtained  for  the  free  probe  in  HjO. 
The  quantum  yield  for  NBD-aminopentyl  methylphosphono- 
AchE  was  consistently  lower.  Although  absolute  values  of  the 
fluorescence  quantum  yields  were  low,  the  relative  differences 
observed  were  measurable  and  appear  to  reflect  differences  in 
the  microscopic  environments  experienced  by  the  respective 
homologs  within  the  active  center  cleft. 

The  spectral  linewidths  at  half-height  (Avi  2)  for  both  NBD- 
aminopentanol  and  NBD-aminoethanol  in  H-^O  and  6  N  urea 
were  essentially  equivalent  and  fall  in  the  range  2600-2800 
cm"'  (Table  II).  For  the  spectrum  of  NBD-aminopentyl  meth¬ 
ylphosphono-AchE.  the  linewidth  at  half-height  was  approx¬ 
imately  2.87  ±  0.05  X  10"  cm"',  a  value  comparable  to  that 
for  the  free  probe  in  buffer,  and  underwent  essentially  no 
change  upon  denaturation  of  the  conjugate  in  6  M  urea. 

For  the  spectrum  of  NBD-aminoethyl  methylphosphono- 
AchE,  in  contrast,  the  linewidth  was  approximately  3.87  ± 
0.08  X  10"  cm"',  a  value  that  was  substantially  greater  than 
that  observed  for  the  NBD-aminopentyl  adduct,  and  far 
greater  than  that  observed  in  organic  solvents  (c/.  Fig.  2C). 
I'pon  denaturation  of  the  conjugate  in  6  N  urea,  the  width  of 
this  spectral  band  was  decreased  to  a  value  (3.02  ±  0.05  x  10" 
cm"')  similar  to  that  observed  for  the  free  probe  in  buffer. 
The  spectral  band  shapes  for  the  enzyme  conjugate  could  not 
be  mimicked  by  immersion  of  NBD-aminoalkanol  in  any  of 
the  solvents  examined. 

Chiral  Properties  of  NBD-aminoalkyl  Methylphosphonyl 
Conjugates  with  Acetylcholinesterase —Chiral  relationships  at 
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Table  il 

Spectroscopic  properties  of  XHD-aminoalkyl  methylphosphonyl  conjugates  with  acetylcholinesterase  molecular 

forms 

Values  reported  are  the  average  ±  S.D.  over  at  least  three  determinations.  Enzyme  conjugates  were  present  in  a 
0.01  N  Tns-L'l  buffer,  pH  8.0,  containing  0.1  N  NaCl  and  0.04  M  MgClj.  The  dimeric  5,6  S  molecular  form  was 
examined  in  the  above  buffer  containing  O.!*";^  Triton  X-l(M). 


NBI)-an..ii(>eihy!  NBI)  aminopentyl 


,\ 

1  X  irr* 

.il-  Li  X  i(r= 

\ 

,  X  lo-‘ 

Ar  ‘-2  X  10"  ' 

nm 

.M“'  cm  ' 

cm"* 

nm 

.M"'  cm"' 

cm  "‘ 

HjO- 

47,5 

2.5  ±  0.1 

2.75  ±  0.06 

480-485 

2.8  ±  0.1 

2.60  ±0.14 

6  N  urea° 

475 

2.3  ±  0.1 

2.75  ±  0.06 

480-485 

2.8  ±  0.1 

2.57  ±  0.06 

Acetylcholinesterase  (11  S) 

475-480 

1.4  ±  0.2 

3.87  ±  0,08 

485-490 

2.2  ±  0.2 

2.87  ±  0.05 

6  N  urea 

475 

1.74  ±  0.02 

3.02  +  0.045 

480-485 

2.05  ±  0.03 

2.83  ±  0.07 

.Acetylcholinesterase  (.5.6  S) 

475 

4.4  ±  0,4 

490 

3.1  ±  0.1 

6  N  urea 

a-Chymotrypsin 

455-460 

1.3  ±  0.1 

3.36  ±  0.17 

485-490 

2.26  ±  0.02 

2.72  ±  0.13 

6  N  urea 

465 

1.6  ±  0.2 

3.25  ±  0.07 

485 

2,04  ±  0.09 

2.63  ±  0.08 

“  When  examined  in 

HjO  and  in  6  N  urea 

,  the  probes  were 

present  as  the  NBD-aminoalkanols, 

the  active  center  of  acetylcholinesterase  were  assessed  by 
examining  the  circular  dichroism  of  the  NBD-aminoethyl 
and  NBD-aminopentyl  methylphosphono-AchE  conjugates. 
Methylphosphonofluoridates,  by  virtue  of  an  asymmetric 
phosphorus  atom,  would  be  predicted  to  exhibit  optical  activ¬ 
ity.  Such  intrinsic  optical  activity  is  readily  distinguished  from 
extrinsic  optical  activity  arising  from  association  of  the  chro- 
mophore  with  a  dissymmetric  protein  surface,  since  the  latter 
but  not  the  former  phenomenon  is  abolished  upon  denatura- 
tion  of  the  protein  conjugate  in  6  M  urea. 

Ihe  circular  dichroism  spectrum  of  NBD-aminopentyl 
methylphosphono-acetylcholinesterase  (Fig.  4)  exhibited  in¬ 
tense  optical  activity  characterized  by  a  band  shape  and 
wavelength  maximum  consonant  with  the  absorption  spec¬ 
trum.  Optical  activity  at  the  absorption  maximum  was  ap¬ 
proximately  4500  degrees-cm^/dmol.  NBD-aminoethyl  meth- 
ylphosphono-AchE  exhibited  optical  activity  with  maxima  at 
350  and  480  nm,  consistent  with  the  absorption  spectrum, 
and  an  additional  peak  at  430  nm  (((l]x  =  4100  degrees-cmV 
dmoll,  a  band  not  readily  apparent  in  the  absorption  spec¬ 
trum.  The  optical  activity  of  both  NBD-aminoethyl  and  NBD- 
aminopentyl  methylphosphono-AchE  was  abolished  upon  de- 
naturation  of  the  conjugates  in  6  M  urea. 

Spi’ctral  Characteristics  of  Conjugates  with  a-Chymotryp- 
.sm— Absorption  spectra  obtained  for  conjugates  of  the  fluo- 
reocent  methylphosphonates  with  a-chymotrypsin  showed 
greater  divergence  between  the  NBD-aminoethyl  and  NBD- 
aminopentyl  conjugates  than  observed  for  acetylcholinester¬ 
ase.  The  spectrum  of  the  NBD-aminopentyl  methylphos- 
phono-i»-chymotrypsin  adduct  appeared  at  480-485  nm  («  = 
2.26  ±  0.02  X  10''  M"'  cm  ')  while  the  .shorter  chain  NBD- 
aminoethyl  adduct  appeared  at  455-460  nm  («  =  1.3  ±  0.1  x 
10'*  M  '  cm  ').  suggesting  that  the  two  congeners  experience 
significantly  different  environments  when  covalently  com- 
plexed  with  (»  chymotr.vpsin.  The  bandwidths  of  the  absorp¬ 
tion  spectra  of  NBD-aminopentyl  and  NBD-aminoethyl 
methylphosphonyl  adducts  with  a-chymotrypsin  were  consid¬ 
erably  narrower,  2.72  ±  0.13  x  10’  and  3.36  ±  0.17  x  10’ cm”', 
respectively,  than  those  of  the  acetylcholinesterase  conju¬ 
gates.  Denaturation  of  the  chymotrypsin  conjugates  in  6  M 
urea  exerted  negligible  effect  on  the  spectral  line  widths 

The  absorption  transitions  for  NBD-aminoethyl  methyl- 
phosphono-a-chymotrypsin  between  300  and  .5,50  nm  were 
optically  active;  the  maximum  at  455  nm  appeared  with  an 
intensity  of  approximately  2600  degrees-cmVdmol  that  was 
readily  abolished  upon  denaturation  in  6  m  urea.  The  NBD- 
aminopentyl  methylphosphono-a-chymotrypsin  exhibited  no 
detectable  optical  activity. 


WAVELENGTH  (nm) 

Fui.  4.  Circular  dichroism  spectra  of  conjugates  of  NBD- 
aminoethyl-  and  NBD-aminopentyl  methylpbosphono-acetyl- 
cholinesterase.  The  figure  presents  molecular  ellipticity  (degrees- 
cmVdecimole)  versus  wavelength  (nanometers)  for  NBD-aminoethyl 

( - )  and  NBD-aminopentyl  ( - )  methylphosphono-acetylchol- 

ine.sterase.  Molecular  ellipticity  was  calculated  from  Equation  1  where 
M,  of  the  chromophore  was  chosen  as  207.17. 


WAVELENGTH  (nml 

Fki.  o  Absorption  spectra  of  NBD-aminoethyl-  and  NBD- 
aminopentyl  methylphosphonylconjugates  of  the  dimeric  mo¬ 
lecular  form  of  (5.6  S)  acetylcholinesterase.  The  enzyme  was 
labeled  with  a  2-3-fnld  excess  of  agent,  separated  from  unreacted 
material  on  a  Sephadex  Ci-2.5  gel  filtration  column,  and  dialyzed 
against  a  Tris-('l  buffer,  pH  8.0.  containing  0,1  N  NaCl,  0.04  M  Mgt'l., 

and  0.1''(  Triton  X-100.  The  conjugate  of  NBD-aminoethyl  ( - ) 

and  NBD-aminopentyl  ( - 1  methylphosphonofluoridates  are 

shown. 

Spectral  Characteristics  of  Conjugates  with  the  5.6  S  Dimeric 
Molecular  Form  of  Acetylcholinesterase — Absorption  spectra 
of  conjugates  of  NBD-AE-MPF  and  NBD-AP-MPF  with  the 
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5.6  S  hydrophobic  dimeric  molecular  form  of  acetylcholines¬ 
terase  from  Torpedo  showed  absorption  maxima  that  were 
essentially  identical  with  those  of  the  corresponding  conju¬ 
gates  with  the  1 1  S  molecular  form  (Fig.  5  and  Table  ID.  The 
NBD-aminopentyl  methylphosphonyl  conjugate  with  the  5.6 
S  dimeric  form  of  acetylcholinesterase  exhibited  an  absorp¬ 
tion  maximum  at  490  nm  that  was  characterized  by  a  spectral 
line  width  of  3.1  ±  0.1  x  10‘  cm  whereas  the  absorption 
maximum  of  the  NBD-aminoethyl  adduct  at  475  nm  was 
characterized  bv  a  line  width  at  half-height  of  4.4  ±  0.4  x  10' 
cm'. 


DISCfSSION 


Association  of  SBD-aminoalkyl  Methylphosphonofluori- 
dates  ti  lth  Acetylcholinesterase — NBD-AE-MPF  and  NBD- 
AF-MPF  are  potent  inhibitors  of  acetylcholinesterase  hydro¬ 
lytic  activity,  exhibiting  inhibition  rate  constants  exceeding 
10  M  '  min  '.  By  virtue  of  several  independent  criteria  of 
intensity,  position,  and  spectral  bandwidth  of  the  absorption 
and  circular  dichroism  spectra  and  reactivation  kinetics  in 
the  presence  and  absence  of  the  bisquaternary  oxime  TMB- 
4,  these  agents  form  conjugates  with  acetylcholinesterase  in 
which  the  chromophoric  moiety  experiences  different  micro¬ 
scopic  regions  within  the  active  center.  Modification  of  a 
common  serine  and  the  2-  and  5-carbon  spacer  groups  sepa¬ 
rating  the  chromophore  from  the  reactive  methylphosphonyl 
group  allows  the  NBD  moiety  to  extend  to  different  regions 
within  the  active  center.  Since  they  anchor  on  a  single  amino 
arid  residue  within  the  active  center,  the  NBD-aminoalkyl 
probes  can  report  on  the  protein  environment  within  a  perim¬ 
eter  conferred  by  the  extended  dimensions  of  the  aminoalkyl 
chain,  i.e.  7-12  A, 

The  pre-existing  tetrahedral  symmetry  of  the  phosphorus 
coordination  sphere  mimics  the  symmetry  characteristic  of 
the  transition  state  during  acetylcholine  hydrolysis  (4,  23,  24) 
and  facilitates  inhibition  by  organophosphonates.  In  addition, 
the  dimensional  compatibility  of  the  methyl  group  and  the 
dative  P  — •  O  bond  with  the  acyl  pocket  and  oxyanion  hole 
(23)  further  facilitates  association  of  these  agents,  with  the 
net  result  that  the  phosphonyl  ester  is  directed  in  the  exo- 
orientation  toward  the  choline  binding  anionic  subsite.  In  this 
study,  the  NBD-aminoalkyl  moiety  is  expected  to  be  in  ap¬ 
position  with  the  anionic  binding  region  of  the  active  center 
and  represents  an  orientation  consistent  with  previous  studies 
on  pyrenebutyl  methylphosphono-acetylcholinesterase  (5,  6). 

NBD-aminoethyl  methylphosphonolluoridate  appears  sus¬ 
ceptible  to  spontaneous  hydrolysis  while  the  NBD-aminopen- 
tyl  isomer  is  resistant  to  such  degradation.  Electron  delocali¬ 
zation  by  the  nitro  group  endows  the  NBD  moiety  with  a 
sulistantial  dipole  moment  in  which  the  amino  group  carrying 
a  partial  positive  charge  is  stabilized  through  interaction  with 
the  electronegative  P  — »  O  bond  within  the  6-membered  cyclic 
intermediate  13),  Such  intramolecular  stabilization  enhances 
elect rophilicity  of  the 


\  ®  O  Q,- 

'•N 

II 


c 

^0- 


'  . . . 

A 

F  4 


tetrahedral  phosphonyl  atom  and  makes  it  more  susceptible 
to  attack  by  H^O,  The  5-carlK)n  homolog,  NBD-aminopentyl 
methylphosphonolluoridate,  cannot  adopt  this  conformation. 
Support  for  such  a  mechanism  is  derived  from  obser  ations 


that  d-(trimethylammoniumlethyl  methylphosphonofluori- 
date,  a  potent  cationic  inhibitor  of  acetylcholinesterase  (25, 
26),  is  readily  hydrolyzed  in  buffer  at  pH  8.0  with  a  rate 
constant  of  0.47  ±  0.05  min"'  (0,  ^  =  1.5  min)."  Rapid  hydrol¬ 
ysis  appears  to  represent  a  general  property  of  a  subgroup  of 
those  methylphosphonofluoridaic.  .  ich  exhibit  the  capacity 
to  form  intramolecularly  stabilized  conformations. 

Reactiuation  of  N BD -aminoalkyl  Methylphosphono-acetyl- 
cholinesterase — Reactivation  of  organophosphonyl-AchE 
conjugates  occurs  by  displacement  of  the  organophosphonyl 
moiety  from  the  enzyme  active  center  surface  following  either 
complexation  of  cationic  oximes  at  the  anionic  subsite  (22)  or 
direct  reaction  with  H^O.  Since  both  spontaneous  and  oxime- 
induced  reactivation  are  dependent  on  organophosphonate 
structure  (c/.  Table  1).  the  reactivation  rates  in  the  presence 
of  oxime  cannot  be  attributed  solely  to  diminished  complex¬ 
ation  of  the  oxime  with  the  modified  enzyme.  Hence,  the 
difference  in  rates  likely  reflects  a  difference  in  access  of  the 
attacking  nucleophile  to  the  phosphonylated  serine.  These 
rate  differences  reflect  in  part  the  capacity  of  the  5-carbon 
chain  to  interact  more  tightly  with  the  active  center  cleft  (27), 
thereby  precluding  reaction  with  H^O,  as  well  as  the  strength 
of  dipolar  interaction  of  the  NBD  entity  with  the  anionic 
surface  of  the  enzyme.  Such  an  explanation  predicts  non¬ 
equivalence  of  the  NBD  aminoalkyl  sites  of  contact  within 
the  active  center,  and  the  spectral  characteristics  to  be  dis¬ 
cussed  below  provide  a  direct  assessment  of  this  nonequiva¬ 
lence. 

Spectroscopic  Characterization  of  the  NBD-aminoalkyl 
Methylphosphono-AchE  Conjugates— Upon  transfer  of  NBD- 
aminopentanol  from  solvents  of  high  to  low  polarity,  as  mea¬ 
sured  by  solvent  dielectric  constant,  the  absorption  and  fluo¬ 
rescence  maxima  are  shifted  to  shorter  wavelength,  the  ex¬ 
tinction  coefficient  is  diminished,  and  in  general,  the  fluores¬ 
cence  quantum  efficiency  is  increased.  These  observations  are 
consonant  with  those  obtained  for  NBD-5-acylcholine  (31- 
33)  and  4-bis-(choline)N-[4-nitrobenz-2-oxa-l,3-diazol-7-yl] 
iminodipropionate  (34),  analogs  of  acetylcholine  which  asso¬ 
ciate  reversibly  at  the  active  center  of  acetylcholinesterase, 
and  NBD-alanine  (20).  As  seen  in  Fig.  2,  however,  the  corre¬ 
lations  are  not  perfect  and,  compared  with  the  data  of  Table 
II,  the  spectral  characteristics  of  the  protein  conjugates  do 
not  follow  those  of  the  free  probes  immersed  in  organic  media 
in  several  important  respects. 

The  absorption  spectrum  of  NBD-aminoethyl  methylphos- 
phono-AchE  approaches  a  maximum  value  of  480  nm,  similar 
to  the  value  found  for  the  chromophore  in  H2O,  whereas  the 
extinction  coefficient  of  the  enzyme  adduct  approximates  the 
value  seen  in  aromatic  solvents.  Absorption  maxima  for  NBD- 
aminopentyl  methylphosphono-AchE  appear  approximately 
5  nm  to  the  red  of  that  seen  in  H2O.  This  behavior  could  not 
be  reproduced  in  any  of  the  organic  solvents  studied.  These 
results  for  acetylcholinesterase  contrast  with  those  for  con¬ 
jugates  with  tt-chymotrypsin  which  show  a  clear  correspond¬ 
ence  between  wavelength  maxima,  extinction  coefficient,  and 
solvent  dielectric  constant.  NBD-aminoethyl  methylphos¬ 
phono-AchE  has  an  absorption  spectrum  that  is  approxi¬ 
mately  1000  cm"'  broader  at  half-maximum  than  that  of  the 
corresponding  NBD-aminopentyl  conjugate  and  is  substan¬ 
tially  broader  than  the  spectrum  of  the  free  probe  in  organic 
media  (cf.  Fig.  20.  Finally,  NBD-aminoethyl  methylphos- 
phono  AchE  shows  strong  optical  activity  (Fig.  4)  at  wave¬ 
lengths  corresponding  to  the  regions  of  spectral  broadening, 
sugge.sting  a  common  origin  for  both  phenomena.  No  such 
spectral  broadening  or  pattern  of  optical  activity  are  observed 
for  NBD-aminopentyl  methylphosphono-acetylcholinester- 

"  H.  A.  Berman,  unpulili.shed  observations. 
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ase  and  NBD-aminoethyl  methylphosphono-o-chymotrypsin. 
Since  the  spectral  characteristics  and  line  broadening  of  the 
protein  conjugates  are  altered  or  abolished  upon  denaturation 
in  urea,  the  position,  band  shape,  and  optical  activity  of  NBD- 
aminoalkyl  conjugates  with  acetylcholinesterase  are  attribut¬ 
able  to  molecular  characteristics  of  the  binding  site,  and  the 
2-  and  .T-carbon  congeners  are  concluded  to  be  in  contact  with 
different  microscopic  environments  within  the  active  center 
cleft. 

The  most  likely  explanation  for  the  spectral  broadening 
proposes  the  presence  of  a  charge-transfer  complex  between 
the  NBD-aminoethyl  chromophore  and  an  aromatic  amino 
acid  within  the  binding  site.  Charge-transfer  complexation 
requires  direct  overlap  of  the  molecular  orbitals  of  donor  and 
acceptor  molecules  within  their  molecular  diameters  (28)  and 
would  require  the  NBD-aminoethyl  moiety  to  associate  in  a 
region  containing  an  aromatic  residue. 

One  plausible  candidate  as  a  charge-transfer  donor  would 
be  a  tr%ptophanyl  residue  within  the  active  center.  This 
proposal  gains  support  from  observations  that  NBD-alanine 
readily  exhibits  charge-transfer  spectra  in  the  presence  of 
aromatic  molecules  (20).  More  specifically,  a.s.sociation  of  N- 
inethylacridinium  at  the  active  center  of  eel  acetylcholines¬ 
terase  results  in  pronounced  formation  of  a  charge-transfer 
complex  that  has  been  attributed  to  the  pre.sence  of  a  tryp- 
tophanyl  residue  within  -o  A  of  the  active  center  surface  (29). 

The  appearance  of  charge-transfer  interactions  for  the 
-NBD-aminoethyl  but  not  the  NBD-aminopentyl  methylphos- 
phonyl  conjugate  of  acetylcholinesterase  and  neither  of  the 
conjugates  with  o-chymotrypsin  signifies  the  presence  of  a 
tr%ptophanyl  residue  within  4  bond  lengths  (approximately  7 
.^l  of  the  methylphosphono-serine  linkage  in  acetylcholines¬ 
terase.  Interposition  of  an  additional  3  bond  lengths  (5  A)  is 
adequate  to  abolish  such  molecular  overlap  and,  in  turn,  the 
capacity  for  donor-acceptor  interactions. 

Compari.inn  of  Different  Molecular  Forms  of  Acetylcholin¬ 
esterase— Comparison  of  the  absorption  spectra  of  the  NBD- 
aminoalkyl  methylphosphono-AchE  adducts  (c/.  Table  II) 
reieals  the  active  center  protein  environment  of  the  1 1  S  lytic 
and  the  5.6  S  hydrophobic  dimeric  molecular  forms  to  be 
equivalent.  This  result  is  interesting  in  view  of  evidence  that 
these  molecular  forms  of  acetylcholinesterase,  although  de¬ 
rived  from  the  same  Torpedo  species,  show  differences  in  their 
tryptic  peptides,  antigenic  components,  and  primary  se¬ 
quences  and  appear  to  be  the  product  of  different  genes  (■3,5). 
■■Xlthough  sequence  comparison  reveals  substantial  regions 
where  homology  is  not  found,  both  molecular  forms  show  ( ‘H| 
diisopropylphosphorofluoridate-containing  peptides  that  are 
very  similar  if  not  identical.  The  virtually  identical  absorption 
spec.ra  obtained  with  dimensionally  distinct  spectroscopic 
probes  afford  an  assessment  independent  of  sequence  analysis 
that  the  active  center  of  these  two  genetically  distinct  forms 
of  acetylcholinestera.se  are  dimensionally  and  chemically 
equivalent. 

Although  the  overall  primary  .sequences  of  the  serine  pro- 
tea.ses  and  acetylcholinestera.se  appear  unrelated,  the  amino 
acid  sequence  in  the  region  of  the  reactive  serine  residue  for 
acetylcholinestera.se  from  electrophorus  and  o-chymotry'psin 


appear  to  show  homology  and  are  strongly  conserved  (30),  as 
are  the  corresponding  catalytic  mechanisms  (4,  23).  Compar¬ 
ison  of  the  NBD-aminoalkyl  methylphosphonyl  conjugate 
formed  with  o-chymotr\psin  and  acetylcholinesterase  from 
Torpedo  indicates  that  the  active  center  protein  environments 
are  not  identical.  Lack  of  any  discernible  optical  activity, 
since  it  arises  from  extrinsic  mechanisms,  indicates  that  the 
NBD-aminopentyl  moiety  experiences  negligible  contact  with 
the  o-chymotrypsin  surface,  a  .situation  in  contrast  with  that 
for  acetylcholinesterase  but  consistent  with  the  peptide  sub¬ 
strate  specificity  and  greater  torsional  mobility  about  the 
active  serine  residue  within  the  dimensionally  less  restrictive 
protease  active  center  (37). 
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